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New	   York	   City's	   commitment	   to	   reduce	   Greenhouse	   Gases	   (GHG)	   emissions	   80%	   by	   2050	  
(80X50)	  requires	  a	  deep	  citywide	  conversion	  from	  fuel	  combustion	  systems	  to	  more	  efficient	  
technologies,	  such	  as	  air-­‐source	  heat	  pumps.	  Moreover,	  this	  challenging	  goal	  relies	  also	  on	  a	  
much	   cleaner	   grid	   with	   the	   majority	   of	   electrical	   generation	   being	   provided	   by	   renewable	  
sources,	  such	  as	  solar	  and	  wind.	  In	  this	  regard,	  building	  electrification	  is	  being	  considered	  as	  a	  
possible	   solution	   in	   order	   to	   reduce	   emissions	   and	   maximize	   the	   efficiency	   of	   the	   energy	  
utilization	  as	  well	  as	  improve	  the	  comfort	  of	  the	  indoor	  environment.	  
Under	   the	   assumption	   of	   a	   cleaner	   electric	   grid,	   this	   thesis	   shows	   that	   a	   citywide	   building	  
electrification	   will	   translate	   into	   remarkable	   fossil	   fuel	   savings	   and	   carbon	   reduction.	   This	  
project	  also	  compares	   the	  performance	  of	   traditional	  space	  heating	  and/or	  cooling	  systems,	  
which	  mostly	  use	  oil	  or	  natural	  gas	  as	  a	  fuel	  versus	  electrified	  technologies,	  such	  as	  air	  source	  
heat	  pumps	  (ASHP).	  To	  conduct	  this	  comparison,	  the	  efficiency,	  the	  quantity	  of	  fuel	  consumed	  
and	  the	  related	  environmental	  impact	  of	  the	  different	  technologies	  will	  be	  investigated.	  	  	  
A	  model	  is	  used	  to	  compare	  fossil	  fuel	  use	  by	  on-­‐site	  combustion	  systems	  with	  fossil	  fuel	  input	  
to	  the	  power	  system	  for	  equivalent	  heating	  with	  heat	  pumps	  under	  various	  scenarios.	  	  
Parameters	   used	   for	   the	   various	   systems	   will	   include	   efficiency	   (e.g.	   Coefficient	   of	  
Performance,	  COP,	  for	  heat	  pumps),	  input	  and	  output	  energy	  as	  well	  as	  information	  about	  the	  
current	  status	  of	  New	  York	  City	  energy	  production.	  	  
Matlab	   is	  used	   to	   run	   simulations,	  manage	   large	  data	   sets	  as	  well	   as	  draw	  plots	   in	  order	   to	  
accomplish	  comparisons	  and	  scenario	  analysis.	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Results	  verify	  the	  flexibility	  of	  the	  developed	  model	  and	  show	  that,	  under	  certain	  conditions	  of	  
electric	  grid's	  renewable	  sources	  penetration,	  the	  impact	  of	  building	  electrification	  may	  have	  
significant	  benefits	  in	  terms	  of	  fossil	  fuel	  and,	  consequently,	  GHGs	  emission	  reduction	  
This	  cross-­‐disciplinary	  study	  involves	  electrical,	  mechanical	  and	  energy	  engineering	  as	  well	  as	  
urban	  sustainability.	  	  Ultimately,	  this	  thesis	  aims	  to	  help	  policy	  makers	  to	  make	  wise	  decisions	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1.	  Introduction	  
	  
Electrification	   is	   the	   process	   of	   powering	   with	   electricity	   and	   is	   usually	   associated	   with	  
changing	   over	   from	   another	   power	   source.	   The	   broad	  meaning	   of	   the	   term,	   such	   as	   in	   the	  
history	  of	  technology	  and	  economic	  history,	  usually	  applies	  to	  a	  region	  or	  national	  economy.	  
[1]	   This	   can	   be	   applied	   to	   various	   sectors,	   such	   as	   buildings,	   industrial	   processes	   and	  
transportation.	  In	  this	  study,	  buildings	  are	  the	  main	  focus.	  More	  specifically,	  electrification	  in	  
this	   context	  means	   replacing	   technologies	   that	   do	   not	   use	   electricity	  with	   ones	   that	   do;	   for	  
example	   substituting	   electric-­‐powered	   heat	   pumps	   for	   natural	   gas	   furnaces.	   The	   main	  
technologies	  considered	   in	   this	   study	  are	  air-­‐source	  heat	  pumps	   (ASHP)	  and	  ground-­‐source	  
heat	   pumps	   (GSHP),	   also	   known	   as	   geothermal	   heat	   pumps.	   For	   the	   NYC	   case,	   electrifying	  
heating	  and	  hot	  water	  systems	  in	  buildings,	  which	  are	  currently	  powered	  primarily	  by	  fossil	  
fuels,	  could	  take	  advantage	  of	  a	  cleaner	  grid	  to	  yield	  greater	  citywide	  GHGs	  reductions.	  	  
Carbon	  and	  GHGs	  emission	  reduction	  is	  currently	  one	  of	  the	  most	  discussed	  challenges	  by	  the	  
industry	   and	   academy	   experts	   in	  New	  York	   City.	   Several	   technical,	   financial	   and	   regulatory	  
aspects	   of	   the	   issue	   are	   also	   treated.	   The	   Urban	   Green	   Council	   [2]	   is	   one	   of	   the	   major	  
organizations	   treating	   the	   topic	   in	   New	   York	   City.	   They	   are	   responsible	   of	   gathering	  
stakeholders	   and	   producing	   documentation	   as	  well	   as	   holding	   conferences	   and	   training.	   In	  
October	   2018	   a	   2-­‐year	   program	   in	   order	   to	   promote	   electrification	   was	   launched.	   	   The	  
initiative	   is	   called	   advancing	   electrification	   [3]	   and	   its	   purpose	   is	   to	   increase	   heat	   pumps	  
adoption	   in	   NYC's	   large	   multifamily	   buildings.	   In	   the	   first	   year,	   priorities	   concerning	  
electrification	  strategies	  will	  be	  listed	  through	  deep	  research	  and	  stakeholders'	  inputs,	  while	  
incentives	  and	  actual	  implementation	  will	  be	  taken	  care	  of	  in	  the	  second	  year.	  The	  advancing	  
electrification	  program	  builds	  upon	  the	  research	  and	  the	  results	  obtained	  by	  the	  2012's	  90	  by	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50	  report	  [4],	  by	  Richard	  Leigh.	  This	  study	  demonstrated	  that	  switching	  to	  renewable	  energy	  
sources	   and	   using	   heat	   pumps	   for	   heating	   and	   cooling	   would	   make	   significant	   carbon	  
reductions	  possible.	  According	  to	  Leigh's	  research,	  a	  90	  percent	  decrease	  in	  carbon	  pollution	  
can	   be	   achieved	   by	   2050	   in	   New	   York	   City.	   The	   report	   focuses	   primarily	   on	   the	   building	  
sector,	  which	  contributes	  for	  about	  three	  quarters	  of	  the	  total	  city	  GHGs	  emissions.	  	  Similarly	  
to	  this	  study's	  approach,	  a	  two	  steps	  solution	  is	  proposed.	  Firstly,	  through	  energy	  simulations	  
for	  the	  major	  building	  typologies,	   the	  90	  by	  50	  study	  demonstrates	  that	  the	  building	  energy	  
use	  can	  be	  significantly	  reduced	  even	  by	  50-­‐60%	  by	  implementing	  heat	  recovery,	  air-­‐sealing	  
and	  better	  insulation.	  As	  a	  result,	  improved	  buildings	  can	  have	  their	  heating	  and	  cooling	  load	  
greatly	   minimized	   and	   completely	   satisfied	   by	   heat	   pumps	   or	   similar	   electrified	   air	  
conditioning	  technologies.	  As	  a	  second	  step,	  electrified	  building	  systems	  will	  be	  fed	  by	  carbon-­‐
free	  electricity.	  In	  order	  to	  achieve	  that,	  clean	  and	  renewable	  energy	  sources	  are	  considered,	  
such	   as	  photovoltaic,	  wind	   and	  biomass	   energy.	  However,	   as	  mentioned	   in	   the	   electric	   grid	  
chapter,	   the	   additional	   winter	   peak	   due	   to	   electrified	   heating	   systems	   will	   represent	   a	  
challenge	   for	   the	   current	   transmission	   and	   distribution	   capacity	   of	   NYC.	   For	   this	   reason,	   a	  
winter	   nighttime	   peak	   issue	   is	   expected	   by	   2050.	   Overall,	   the	   90	   by	   50	   study	   represents	   a	  
valuable	   document	   upon	   further	   research	   and	   analysis	   can	   be	   developed.	   In	   addition	   to	  
reports	  such	  as	  the	  90	  by	  50	  or	  also	  the	  80	  by	  50,	  many	  conferences	  and	  educational	  events	  
are	   offered	   at	   institutions	   such	   as	   the	   Urban	   Green	   Council.	   During	   these	   events,	   industry	  
experts	   share	   their	   experience	   and	   knowledge	   in	   regards	   to	   the	   possibilities	   and	   the	  
challenges	   of	   building	   electrification	   in	   NYC.	   According	   to	   recent	   studies	   [5],	   only	   about	  
20,000	  new	  heat	  pump	  units	  are	  installed	  over	  about	  three	  million	  housing	  units	  in	  New	  York.	  
Despite	   these	   numbers,	   latest	   technology	   advancements	   allow	   cold	   climate	   heat	   pumps	   to	  
perform	  efficiently	  without	  the	  use	  of	  additional	  backup	  resistance	  heat	  in	  cold	  regions	  such	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as	  NYS.	  Furthermore,	  heat	  pumps	  are	  found	  to	  use	  about	  36	  percent	  less	  energy	  than	  steam	  
heating	   systems,	   which	   they	   also	   burn	   fossil	   fuel.	   Besides	   the	   technical	   aspects,	   economic	  
factors	  are	  often	  the	  main	  drivers.	  As	  mentioned	  in	  the	  following	  chapters,	  heat	  pumps	  can	  be	  
costly	   to	   operate	   and	   have	   payback	   periods	   longer	   than	   other	   traditional	   systems.	   In	   New	  
York	  City,	  the	  electric	  rate	  is	  currently	  about	  20¢/kWh	  while	  in	  upstate	  New	  York	  it	  is	  around	  
10¢/kWh.	  On	  top	  of	  this,	  the	  low	  price	  of	  fracked	  natural	  gas	  make	  heat	  pumps'	  installations	  
even	  less	  competitive.	  These	  factors	  do	  not	  often	  justify	  investments	  in	  NYC,	  although	  various	  
solutions	  are	  currently	  discussed	  by	  industry	  professionals.	  For	  instance,	  a	  carbon	  tax	  or	  even	  
rebates	  and	  incentives	  are	  some	  plausible	  ways	  in	  order	  to	  promote	  building	  electrification	  in	  
the	  city.	  Besides	  all	  the	  aforementioned	  considerations,	  building	  electrification	  is	  the	  path	  to	  a	  
cleaner	   and	   more	   sustainable	   future.	   In	   this	   regard,	   the	   80	   by	   50	   roadmap	   envisions	  
electrified	   conversion	   as	   the	   last	   big	   step	   towards	   the	   ambitious	   but	   necessary	   carbon	  
reduction	  goal,	  as	  shown	  in	  the	  chart	  below.	  
	  
Figure	  1:	  simplified	  summary	  of	  the	  80	  by	  50	  roadmap.	  Source:	  NYC	  Mayor's	  Office	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In	   order	   to	   better	   understand	   how	   to	   achieve	   a	   fossil	   fuel	   reduction,	   this	   study	   reports	   a	  
model	  developed	  specifically	  for	  the	  city	  of	  New	  York.	  The	  model	  was	  conceptually	  created	  by	  
the	  CUNY	  BPL	  and	  is	  here	  utilized	  in	  order	  synthesize	  data	  as	  simulations	  of	  various	  scenarios,	  
such	  as	  the	  potential	  fossil	  fuel	  savings	  as	  a	  result	  of	  a	  widespread	  building	  electrification	  with	  
a	  50%	  fossil-­‐free	  electric	  grid.	  To	  motivate	  the	  computed	  simulations	  that	  this	  study	  shows,	  a	  
background	  discussion	  about	   the	  New	  York	  City	  policy,	   the	  80X50	  goal,	   and	  market	  drivers	  
will	   be	   introduced.	   Technology	   issues	   concerning	   various	   building	   mechanical	   equipment,	  
such	  as	  steam	  and	  hot	  water	  heating	  as	  well	  as	  heat	  pumps,	  and	  the	  status	  of	  the	  electric	  grid	  
are	  also	  described	   to	  build	   the	  premise	   to	  develop	  different	  possible	  scenarios,	  as	  shown	   in	  
the	   results	   section.	   Overall,	   the	   background	   information	   aims	   to	   provide	   context	   and	  
significance	  for	  the	  research	  structure.	  
The	   following	   chapters	   introduce	   the	   80X50	   pathway	   and	   NYC's	   current	   building	   stock.	  
Chapter	   five	  describes	  heating	  and	  domestic	  hot	  water	  building	   systems	   such	  as	   steam,	  hot	  
water	  and	  heat	  pumps.	  Chapter	  six	  talks	  about	  NYS's	  electric	  grid	  and	  its	  electricity	  generation	  
sources.	   The	   methods	   chapter	   represents	   the	   core	   of	   this	   study	   and	   it	   shows	   the	   model	  
utilized	  for	  the	  analysis	  and	  the	  computations	  in	  order	  to	  retrieve	  the	  fossil	  fuel	  consumptions	  
of	   the	   various	   systems.	   Finally,	   results	   and	   conclusion	   display	   the	   key	   outcomes	   and	   the	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2.	  New	  York	  City	  80X50	  goal	  	  
	  
	  
In	   order	   to	   address	   climate	   change	   and	   its	   related	   issues,	   the	   City	   of	   New	   York	   in	   2014	  
released	   "One	   City	   Built	   to	   Last".	   [6]	   This	   executive	   report	   was	   created	   by	   the	   technical	  
working	  group	  (TWG),	  which	  includes	  more	  than	  50	  leaders	  from	  New	  York	  City’s	  real	  estate,	  
engineering,	   architecture,	   labor	   union,	   affordable	   housing,	   academic,	   government,	   and	  
environmental	   advocacy	   sectors.	   In	   summary,	   the	   main	   objective	   of	   this	   joint	   effort	   is	   to	  
reduce	  Green	  House	  Gases	   (GHGs)	  emission	  80	  percent	  by	  2050.	  The	  year	  2005	   represents	  
the	  baseline,	  as	  a	  reference	  for	  the	  challenging	  goal.	  The	  80X50	  pathway	  involves	  the	  entire	  
NYC,	  which	  accounts	  for	  40%	  of	  the	  total	  GHGs	  emissions	  of	  New	  York	  state.	  This	  significant	  
amount	   of	   pollution	   is	   caused	   mainly	   by	   electricity	   generation	   as	   well	   as	   buildings'	   space	  
heating	  and	  domestic	  hot	  water	  systems.	  	  In	  fact,	  around	  72	  percent	  [7]	  of	  the	  energy	  utilized	  
in	   order	   to	   satisfy	   the	   city's	   demand,	   is	   produced	   from	   the	   combustion	   of	   fossil	   fuels.	  
Additionally,	  the	  largest	  portion	  of	  carbon	  emissions	  is	  related	  to	  buildings,	  as	  explained	  in	  the	  
next	   chapter.	   The	   technical	   working	   group	   was	   tasked	   with	   identifying	   the	   leading	   edge	  
standards	  that	  should	  be	  developed	  for	  new	  construction	  and	  substantial	  renovations	  and	  the	  
systems-­‐specific	   efficiency	   measures	   for	   existing	   buildings	   that	   would	   be	   necessary	   to	  
transform	   the	   city’s	   building	   stock	   to	   achieve	   deep	   carbon	   reductions.	   In	   order	   to	   have	   a	  
better	  understanding	  of	  the	  drivers	  of	  GHGs	  emissions,	  the	  report	  describes	  a	  comprehensive	  
analysis	   of	   the	   energy	   consumption	   based	   on	   numerous	   energy	   audits	   conducted	   for	  
practically	  all	  city's	  building	  types.	  The	  data	  retrieved	  were	  used	  by	  the	  TWG	  to	  categorize	  the	  
building	  stock	  by	  age,	  height	  and	  primary	  use	  in	  order	  to	  identify	  energy	  efficiency	  strategies	  
applicable	  to	  similar	  units.	  On	  top	  of	  the	  technical	  considerations,	  also	  financial	  and	  regulatory	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aspects	  of	  the	  possible	  initiatives	  in	  order	  to	  cut	  carbon	  emission	  were	  taken	  into	  account.	  In	  
this	   scenario,	   the	   report	   describes	   the	   major	   findings	   and	   the	   next	   steps	   along	   the	   80X50	  
pathway.	   Amongst	   all	   the	   actions	   taken	   by	   NYC,	   updating	   the	   energy	   code	   to	   include	  
comprehensive	   retrofits	   to	   heating	   systems	   is	   one	   of	   the	   most	   meaningful	   mandates	   to	  
highlight	   in	   this	   study.	   Besides	   the	   regulatory	   initiatives,	   the	   city	   also	   provides	   assistance	  
through	  policies	  and	  free	  programs	  such	  as	  the	  NYC	  Retrofit	  Accelerator	  [8]	  in	  order	  to	  help	  
property	   owners	   to	   navigate	   through	   the	   possible	   deep	   energy	   retrofits	   and	   available	  
incentives.	  
Overall,	   the	   city's	   80X50	   goal	   sets	   the	   premise	   for	   building	   electrification	   to	   be	   a	   possible	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3.	  The	  building	  stock	  in	  New	  York	  City	  	  
	  
As	   of	   2018,	   New	   York	   City	   has	   approximately	   1	   million	   [9]	   buildings	   throughout	   its	   5	  
boroughs.	  Also,	  more	  than	  90	  percent	  of	  the	  one	  million	  buildings	  that	  exist	  in	  New	  York	  City	  
today	   will	   still	   exist	   in	   2050	   [6],	   making	   existing	   buildings	   the	   largest	   concern	   for	   GHG	  
emissions.	   The	   final	   use	   of	   this	   building	   stock	   is	   very	   diverse	   and	   it	   includes	   residential,	  
commercial,	   industrial,	   institutional,	   educational	   and	   several	   others.	   The	   80X50	   report	  
includes	  21	  main	  building	  categories,	  although	  the	  82%	  of	  buildings	  is	  represented	  by	  a	  single	  
category,	   which	   includes	   1	   to	   4	   family	   homes.	   However,	   in	   terms	   of	   square	   footage,	  
multifamily	  buildings	  have	   the	   largest	  share,	  with	  41	  percent	  of	   the	   total	  area6.	  Overall,	   the	  
building	  sector	  is	  responsible	  for	  nearly	  three	  quarters	  of	  citywide	  GHGs	  emissions,	  as	  shown	  
below.	  
	  
Figure	  2	  Share	  of	  New	  York	  City	  GHGs	  Emissions	  by	  Sector.	  Source:	  NYC	  Mayor’s	  Office	  
	  
Additionally,	  because	  the	  energy	  used	  in	  New	  York	  City’s	  buildings	  accounts	  for	  nearly	  three-­‐
quarters	  of	  citywide	  GHG	  emissions6,	  addressing	  building	  energy	  performance	  will	  be	  critical	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to	  meeting	  NYC's	  goals.	  	  
The	  figure	  below	  shows	  the	  GHG	  emissions	  according	  to	  buildings'	  end	  use.	  
	  
Figure	  3:	  GHGs	  emissions	  according	  to	  building	  use.	  Source:	  NYC	  Mayor's	  Office.	  
The	  above	  graph	  shows	  that	  heating	  and	  hot	  water	  production	  represent	  about	  three	  quarters	  
of	   carbon	   emissions	   for	   multi-­‐family	   buildings,	   and	   57	   percent	   citywide.	   In	   other	   words,	  
traditional	  heating	  and	  how	  water	  systems	  burning	   fossil	   fuels	  are	   the	  main	  responsible	   for	  
carbon	  pollution.	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Given	   the	   weight	   of	   NYC	   buildings	   in	   terms	   of	   pollution,	   building	   electrification	   could	   be	  
considered	  as	  a	  possible	   solution	   to	  upgrade	  heating	  and	  hot	  water	   systems	  and	  eventually	  
reduce	  GHGs	  emissions.	  
4.	  Building	  Electrification	  
	  
In	  the	  context	  of	  this	  study,	  the	  concept	  building	  electrification	  means	  shifting	  the	  use	  of	  on-­‐
site	   fossil	   fuels	   to	   utilizing	   electricity.	   Burning	   fossil	   fuels	   on-­‐site	   in	   buildings	   account	   for	  
about	  60	  percent	  of	  buildings'	   citywide	  GHGs	  emissions.	   [10]	  This	  number	   is	  mainly	  due	   to	  
space	   heating	   and	   hot	  water.	   In	   this	   regard,	   building	   electrification	   can	   be	   considered	   as	   a	  
possible	  solution	  for	  deep	  carbon	  reduction.	  The	  conversion	  will	  require	  the	  replacement	  of	  
major	  building	  systems,	   such	  as	  boilers	  or	   furnaces.	  However,	  better	  efficiency	  and	  comfort	  
can	  be	  achieved.	  Overheating	  and	  carbon	  emissions	  can	  be	  practically	  reduced	  or	  even	  totally	  
excluded.	  The	   figure	  below	  shows	  a	   simple	   schematic	  of	   building	   electrification	   conversion,	  
describing	  benefits	  and	  main	  features.	  
Replacing	   fossil	   fuel-­‐powered	   systems	   such	   as	   space	   heating,	   water	   heating,	   cooking	   and	  
laundry	   with	   electricity	   and	   other	   fossil	   fuel-­‐free,	   zero-­‐carbon	   alternatives	   might	   be	   a	  
necessary	  step	  to	  achieve	  100	  percent	  clean,	  renewable	  energy.	  However,	  in	  New	  York	  State,	  
electricity	   is	   still	   produced	   by	   combustion	   of	   some	   fossil	   fuels,	   such	   as	   natural	   gas.	   In	   this	  
context,	  the	  effort	  of	  building	  electrification	  must	  be	  coupled	  with	  an	  increase	  of	  the	  electric	  
grid	  clean	  energy	  resources.	  As	  it	   is	  described	  in	  the	  next	  chapters,	  the	  current	  status	  of	  the	  
grid	  is	  not	  suitable	  yet	  for	  a	  deep	  conversion	  initiative.	  Nevertheless,	  building	  electrification,	  
together	   with	   a	   deep	   renewable	   energy	   penetration,	   remains	   one	   of	   the	   most	   valuable	  
pathways	  with	  potential	  to	  achieve	  80	  percent	  carbon	  reduction	  by	  2050.	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5	  Building	  Systems	  
	  
In	   New	   York	   City,	   building	   systems	   that	   burn	   fuel	   are	   arguably	   the	   main	   components	  
responsible	   for	   buildings	   GHGs	   emissions.	   In	   this	   chapter,	   the	   main	   heating	   and	   cooling	  
technologies	   are	   introduced,	   including	   steam	  and	  hot	  water	   heating	   as	  well	   as	   heat	   pumps.	  
Advantages	  and	  Disadvantages	  of	  the	  different	  solutions	  are	  also	  discussed.	  
	  
5.1	  Steam	  Heating	  System	  
	  
In	  1882,	  the	  New	  York	  Steam	  Company	  was	  founded	  originally	  serving	  the	  lower	  Manhattan	  
area.	  [11]	  Today,	  Con	  Edison	  manages	  a	  complex	  infrastructure	  which	  serves	  more	  than	  1700	  
customers,	  including	  the	  Metropolitan	  Museum	  of	  Art	  and	  the	  Rockefeller	  Center.	  [12]	  This	  is	  
known	  as	  district	   steam	  and	   a	   significant	  portion	  of	   it	   is	   produced	  by	   cogeneration.	  On	   the	  
other	  hand,	  many	  NYC	  multi-­‐unit	  apartments	  and	  commercial	  buildings	  have	  a	  on	  site	  steam	  
boiler	   that	   burns	   natural	   gas,	   or	   oil,	   in	   order	   to	   boil	   water	   and	   provide	   space	   heating	   and	  
domestic	   hot	   water.	   Steam	   heating	   systems	   represent	   one	   of	   the	   main	   technologies	   still	  
present	  in	  a	  remarkable	  amount	  of	  NYC	  buildings,	  especially	  the	  pre-­‐war	  ones.	  Steam	  heating	  
simply	   works	   by	   boiling	   water	   and	   distribute	   through	   the	   building	   with	   the	   use	   of	   steam	  
radiators.	  The	  heart	  of	  this	  kind	  of	  systems	  is	  the	  boiler.	  A	  boiler	  is	  an	  enclosed	  vessel	  which	  
can	  be	  typically	  made	  of	  cast-­‐iron	  or	  steel.	  Boilers	  can	  either	  be	  water	  tube	  or	  fire	  tube,	  but	  in	  
both	  cases	   the	  heat	   is	   transferred	   through	  heat	  exchangers	   from	  the	  hot	  gases	  produced	  by	  
burning	   fuel,	   such	   as	   natural	   gas	   or	   fuel	   oil,	   to	   the	   water.	   The	   water	   is	   brought	   to	   a	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temperature	   of	   212	   Fahrenheit	   and	   it	   changes	   phase	   from	   liquid	   to	   gaseous.	   The	   steam	  
produced	  travels	  through	  the	  building	  piping	  and	  it	  gets	  radiated	  in	  to	  the	  conditioned	  spaces.	  
Steam	   systems	   can	   either	   be	   one-­‐pipe	   or	   two-­‐pipe.	   The	   one-­‐pipe	   configuration	   is	   less	  
performing	  since	  the	  condensed	  water	  returns	  to	  the	  boiler	  through	  the	  same	  pipe	  in	  which	  
the	   steam	   flows.	   Two-­‐pipe	   systems	   have	   an	   additional	   pipe	   that	   allows	   condensed	   water	  
return	  in	  a	  separate	  conduit,	  besides	  the	  supply	  steam	  pipe.	  This	  latter	  configuration	  is	  usually	  
more	  efficient	  and	  much	  easier	  to	  be	  repurposed	  for	  a	  hot	  water	  conversion.	  The	  figure	  below	  
shows	  a	  schematic	  of	  the	  two	  possible	  piping	  types.	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Figure	  5:	  Two-­‐pipe	  and	  One-­‐pipe	  steam	  system	  configurations.	  Source:	  Better	  Steam	  Heat	  2	  
report,	  Building	  Exchange.	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Although	  steam	  heating	   is	  one	  of	   the	  oldest	  heating	   technologies,	   the	  process	  of	  boiling	  and	  
condensing	   water	   is	   inherently	   less	   efficient	   than	  more	  modern	   systems.	   Moreover,	   steam	  
systems	   have	   typically	   significant	   disadvantages	   such	   as	   the	   lag	   timing	   between	   the	   boiler	  
kicking	  on	  and	  the	  actual	  arrive	  of	  the	  steam	  at	  the	  radiators.	  Also,	  steam	  is	  difficult	  to	  control	  
thus	   providing	   uneven	   eating	   and	   overheated	   or	   underheated	   spaces	   are	   very	   common	  
scenarios.	   The	   maintenance	   required	   for	   steam	   systems	   should	   be	   conducted	   annually	   in	  
order	  to	  ensure	  smooth	  functioning	  and	  a	  long	  life	  span.	  On	  the	  bright	  side,	  as	  opposed	  to	  hot	  
water,	  steam	  heating	  does	  not	  require	  a	  pump	  in	  order	  to	  push	  the	  heat	  through	  the	  building	  
because	  the	  boiled	  water	  moves	  itself	  through	  piping.	  A	  few	  moving	  parts	  are	  present	  making	  
steam	  systems	  more	  reliable	  and	  durable.	  In	  New	  York	  City,	  estimates	  show	  that	  more	  than	  70	  
percent	   of	   buildings	   use	   some	   form	   of	   steam	   heating	   distribution.	   [6]	   In	   particular,	   as	  
discussed	  previously,	  in	  multifamily	  buildings	  one-­‐pipe	  systems	  are	  significantly	  less	  efficient	  
than	   two-­‐pipe	   configurations.	   Fort	   this	   reason,	   tackling	   this	   kind	   of	   system	   is	   one	   of	   the	  
priorities	   included	  in	  the	  path	  for	  energy	  efficiency	  and	  emission	  reduction.	  As	  a	  short-­‐term	  
solution	  proposed	  in	  this	  study,	  upgrading	  steam	  heating	  represents	  a	  great	  opportunity	  for	  
the	  vast	  majority	  of	  buildings,	  being	  one	  of	  the	  largest	  single	  system-­‐specific	  improvement	  in	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5.2	  Hot	  Water	  Heating	  System	  
	  
Hot	  water	  heating	  systems	  are	  also	  known	  as	  hydronic	  due	  to	  the	  use	  of	  water	  as	  a	  medium	  
carrying	  the	  heat.	  This	  type	  of	  space	  and	  water	  heating	  is	  more	  common	  in	  recent	  buildings,	  
particularly	   in	   multifamily	   constructions	   built	   after	   1980,	   as	   a	   result	   of	   one	   of	   the	  
requirements	  of	  the	  first	  New	  York	  State	  Energy	  Conservation	  Construction	  Code	  (NYSECCC).	  
The	  schematic	  [13]	  below	  shows	  an	  example	  of	  hot	  water	  heating	  system.	  
	  
Figure	  6:	  Hot	  water	  heating	  system	  schematic.	  Source:	  Hot	  Water	  Heating	  Systems,	  Canadian	  
home	  inspection.	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Despite	  being	  very	  similar	  to	  steam	  heating,	  hydronic	  systems	  make	  use	  of	  a	  pump	  in	  order	  to	  
circulate	  water	  through	  the	  distribution	  system	  because	  the	  heated	  water	  does	  not	  naturally	  
rise,	  unlike	  steam.	  Once	  again,	  the	  heart	  of	  the	  system	  is	  the	  boiler	  that	  heats	  the	  water	  to	  a	  
temperature	  around	  180	  Fahrenheit,	  but	  never	  to	  the	  boiling	  point.	  More	  commonly,	  natural	  
gas,	  propane	  or	  even	  fuel	  oil	  is	  fed	  to	  the	  burner	  to	  make	  the	  combustion	  process	  occur.	  The	  
distribution	  system	  includes	  the	  supply	  and	  the	  return	  piping	  which	  delivers	  the	  hot	  water	  to	  
the	  heat	  exchangers	  and	  returns	  it	  to	  the	  boiler.	  The	  heat	  exchangers	  absorb	  and	  radiate	  heat	  
into	   the	   space	   are	   usually	   radiators	   or	   baseboards.	   One	   of	   the	   crucial	   components	   of	   the	  
heating	   system	   is	   the	   thermostat,	   which	   controls	   the	   heat	   supply	   according	   to	   the	   comfort	  
settings	  programmed	  by	  the	  user.	  If	  properly	  used	  and	  maintained,	  hot	  water	  heating	  systems	  
are	  more	   efficient	   than	   steam	  systems	  and	   can	   convert	   even	  more	   than	  95	  percent	   of	   their	  
input	  fuel	  into	  usable	  heat.	  [14]	  Since	  this	  value	  refers	  to	  the	  overall	  combustion	  efficiency	  of	  
the	  boiler,	  for	  our	  study	  a	  90	  percent	  maximum	  efficiency	  was	  considered	  in	  order	  to	  account	  
for	  system	  losses	  and	  non	  steady-­‐state	  conditions.	   	  On	  the	  other	  hand,	  in	  our	  analysis	  steam	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5.3	  Heat	  Pumps 
	  
	  
Heat	   pumps	   are	   a	   type	   of	   space	   conditioning	   devices	   that	   can	   extract	   heat	   from	   a	   cold	  
reservoir	  and	  move	   it	   to	  a	  hot	  reservoir,	  by	  using	  electricity	  as	  a	   fuel.	  They	  are	  basically	  air	  
conditioners	   that	   can	   run	   in	   reverse	   in	   the	  winter	   to	   provide	   heating.	   Because	   heat	   pumps	  
move	   heat	   as	   opposed	   to	   creating	   it,	   they	   can	   achieve	   a	   Coefficient	   of	   Performance	   (COP)	  
many	   times	   higher	   than	   1.0,	   which	   is	   the	   theoretical	   maximum	   efficiency	   for	   typical	  
combustion	  heat	  sources	  and	  traditional	  electric	  resistance	  heat.	  For	  climates	  with	  moderate	  
heating	   and	   cooling	   needs,	   heat	   pumps	   offer	   an	   energy-­‐efficient	   alternative	   to	   other	  
traditional	   systems.	   [16]	   For	   cold	   climate	   areas,	   such	   as	   New	   York	   City,	   the	   COP	   becomes	  
smaller	   due	   to	   the	   significant	   temperature	   difference	   between	   the	   outside	   air	   and	   the	  
refrigerant.	   However,	   manufacturers	   are	   improving	   heat	   pumps	   specifications	   thus	   many	  
products	  can	  still	  have	  a	  remarkable	  performance	  even	   in	  cold	  climate	  weather.	  Technically	  
heat	  pumps	  are	  a	  mechanical-­‐compression	  cycle	  refrigeration	  systems	  that	  can	  also	  operate	  in	  
reverse	  to	  either	  heat	  or	  cool	  a	  space	  or	  a	  water	  tank,	  in	  case	  of	  domestic	  water	  applications.	  
They	  typically	  have	  two	  main	  components:	  an	   indoor	  coil	  called	  air	  handler	  and	  an	  outdoor	  
coil	   referred	   as	   heat	   pump.	   The	   heat	   is	   transferred	   between	   the	   two	   coils,	   which	   are	   heat	  
exchangers.	  The	  compressor	   increases	   refrigerant	   temperature	  and	  pressure	  by	  moving	   the	  
medium	  between	  the	  two	  heat	  exchanger	  coils.	  In	  one	  coil,	  the	  refrigerant	  is	  evaporated	  at	  low	  
pressure	  and	  absorbs	  heat	  from	  its	  surroundings.	  The	  refrigerant	  is	  then	  compressed	  en	  route	  
to	   the	   other	   coil,	   where	   it	   condenses	   at	   high	   pressure.	   At	   this	   point,	   it	   releases	   the	   heat	   it	  
absorbed	  earlier	  in	  the	  cycle.	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The	  figure	  below	  shows	  a	  simplified	  schematic	  [17]	  of	  the	  heat	  pump	  cycle.	  
	  
Figure	  7:	  Heat	  pump	  cycle	  schematic.	  Source:	  Ecoshopping	  project,	  DC	  heat	  pump.	  
As	   the	   reversing	   valve	   shown	   in	   the	   schematic	  might	   suggest,	   the	   heat	   pump	   cycle	   is	   fully	  
reversible,	  and	   these	  devices	  can	  provide	  year-­‐round	  climate	  control:	  heating	   in	  winter	  and	  
cooling	  and	  dehumidifying	   in	   summer.	   Since	   the	  outdoor	   reservoir,	  whether	   it	   is	   ground	  or	  
outside	  air,	  always	  contain	  some	  heat,	  a	  heat	  pump	  can	  supply	  heat	  to	  a	  house	  even	  on	  cold	  
winter	   days.	   In	   fact,	   for	   instance,	   air	   at	   –18°	   C	   contains	   about	   85	   percent	   of	   the	   heat	   it	  
contained	  at	  21°	  C.	  [18]	  
Heat	   pumps	   can	   be	   subdivided	   in	   two	  main	   categories:	   Air-­‐Source	   (ASHP),	   and	   geothermal	  
heat	   pumps	   that	   can	   be	   further	   distinguished	   by	   Water-­‐Source	   Heat	   Pumps	   (WSHP)	   and	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Ground-­‐Source	  (GSHP),	  depending	  on	  the	  heat	  reservoir	  used	  in	  order	  to	  exchange	  heat.	  The	  
difference	  consists	  in	  the	  fact	  that	  air	  source	  heat	  pump	  extracts	  heat	  energy	  from	  the	  outside	  
air,	  which	  can	  have	  very	  cold	  or	  very	  hot	  temperatures,	  and	  uses	  it	  to	  power	  heating	  and	  hot	  
water.	  On	  the	  other	  hand,	  water	  source	  heat	  pumps	  extract	  and	  dissipate	  heat	   from	  a	  water	  
body,	   such	   as	   a	   well,	   lake	   or	   a	   river.	   Additionally,	   WSHPs	   can	   also	   use	   heat	   from	   a	   low-­‐
temperature	  boiler	  source,	  such	  as	  a	  condensing	  boiler,	  or	  they	  can	  dissipate	  heat	  through	  a	  
cooling	   tower,	   in	   the	   summer.	   These	   latter	   applications	   are	   fairly	   common	   although	   some	  
residual	   fossil	   fuel	   consumption	   is	   still	   present.	   A	   ground	   source	   heat	   pump	   draws	   heat	  
energy	   from	   the	   soil	   beneath	   the	   surface	   of	   the	   earth	   to	   power	   heating	   and	   hot	   water.	  	  
Additionally,	   heat	   pumps	   can	   be	   further	   categorized	   as	   open	   or	   closed.	   Closed	   loop	  
applications	   use	   a	   heat	   exchanger	   between	   ground	   source,	   which	   can	   be	   soil	   or	   more	  
commonly	  water,	  and	  the	  refrigerant	  loop.	  On	  the	  other	  hand,	  open	  loop	  systems	  do	  not	  have	  
a	   heat	   exchanger,	   but	   they	   simply	   draw	   subsurface	  water	   up	   to	   the	   actual	   heat	   pump	   and	  
discharge	  it	  back	  to	  the	  subsurface	  water	  body,	  these	  circuits	  have	  still	  two	  pipes.	  The	  piping	  
can	   also	   be	   installed	   vertically	   or	   horizontally,	   depending	   on	   soil	   conditions	   and	   space	  
limitations.	  The	  figure	  below	  summarizes	  the	  possible	  geothermal	  heat	  pumps	  configuration.	  
Geothermal	  heat	  pumps,	  whether	  ground-­‐source	  or	  water-­‐source,	  work	   in	  a	   similar	  way	  by	  
exchanging	   heat	   with	   an	   earth's	   body,	   soil	   or	   water.	   Additionally,	   GSHPs	   make	   use	   of	   the	  
relatively	  consistent	  soil	  temperature,	  which	  can	  range	  from	  45	  to	  60	  degrees	  all	  year	  round,	  
representing	  a	  major	  efficiency	  benefit.	  Also,	  this	  type	  of	  systems	  has	  a	  rather	  extensive	  piping	  
network	  buried	  into	  the	  ground	  that	  requires	  some	  digging	  and	  trenching.	  Similarly,	  WSHPs	  
require	  piping	   to	  be	  beneath	   the	  ground	   level	  but	   the	  coils	  are	  submerged	   into	  not-­‐freezing	  
water,	   thus	   limiting	   the	   digging	   to	   a	   minimum.	   For	   this	   reason,	   water-­‐source	   systems	   are	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usually	   more	   economically	   feasible	   and	   allow	   for	   both	   vertical	   or	   horizontal	   installations,	  
although	  a	  water	  body	  must	  be	  available	  nearby	  the	  facility.	  
	  
	  
Figure	  8:	  Geothermal	  system	  configurations.	  Source:	  Iter-­‐Geo.EU,	  article	  "shallow	  geothermal	  
systems:	  how	  to	  exchange	  heat	  with	  the	  ground?"	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Unlike	  geothermal	  heat	  pumps,	  air-­‐source	  heat	  pumps	  use	  the	  outside	  air	  as	  a	  heat	  reservoir.	  
This	  type	  of	  installations	  is	  much	  simpler,	  especially	  where	  digging	  and	  spatial	  availability	  are	  
limited.	  As	  mentioned	  previously,	   the	  major	  drawback	  of	  ASHPs	   is	   the	  heat	   reservoir	   itself,	  
since	   the	   outside	   air	   can	   have	   significant	   temperature	   and	  humidity	   fluctuation	   throughout	  
the	  seasons.	  Nevertheless,	   these	  systems	  are	  widely	  used	  in	  many	  parts	  of	  the	  United	  States	  
although	  until	   recently	   they	  have	  not	  been	   installed	   in	   subfreezing	   regions	  due	   to	   the	  older	  
systems'	   cold	   climate	   limitations,	   such	   as	   the	   significant	  drop	   in	   efficiency	  due	   to	   very	   cold	  
outdoor	  temperatures,	  typically	  below	  the	  freezing	  point.	  In	  fact,	  recent	  innovations,	  brought	  
by	  heat	  pumps	  manufacturers,	  allow	  for	  feasible	  solutions	  also	  in	  colder	  areas.	  In	  recent	  years,	  
HVAC	   manufacturers	   have	   introduced	   a	   range	   of	   new	   cold	   climate	   air-­‐source	   heat	   pump	  
(ccASHP)	   products	   to	   United	   States’	   markets.	   Many	   of	   these	   ccASHPs	   use	   variable-­‐speed	  
compressors,	  which	  significantly	  improve	  overall	  system	  efficiency	  and	  performance.	  In	  other	  
words,	  the	  advancement	  of	  variable-­‐speed	  compressors	  makes	  ccASHPs	  capable	  of	  efficiently	  
meeting	   space	   heating	   loads	   at	   low	   ambient	   temperatures.	   Some	   of	   these	   systems	   perform	  
well	   at	   low	   outdoor	   temperatures,	   near	   or	   below	  0°F	   	   (-­‐18°C).	   In	   fact,	   performance	   testing	  
analysis	  [19]	  demonstrated	  that	  a	  non-­‐ducted	  system	  was	  capable	  of	  efficiently	  meeting	  space	  
heating	  loads	  down	  to	  -­‐25°C,	  while	  a	  ducted	  heat	  pump	  was	  also	  capable	  of	  efficiently	  meeting	  
space	  heating	  space	   loads	  down	  to	   -­‐21°C	  with	  a	  COP	  of	  1.5.	  Recent	  studies	   [20;	  21]	  showed	  
that	   newest	   and	  optimized	  heat	   pumps	  products	   can	  provide	  not	   only	   energy	  but	   also	   cost	  
savings.	   Currently,	   Cold	   Climate	   Air-­‐Source	   Heat	   Pumps,	   ccASHPs,	   are	   being	   widely	  
considered	   and	   energy	   efficiency	   stakeholders	   are	   evaluating	   the	   performance	   of	   this	  
technology	  in	  harsh	  weather	  conditions,	  such	  as	  New	  York	  State.	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Energy	  efficiency	  organizations,	   such	  as	   the	  Northeast	  Energy	  Efficiency	  Partnerships	  NEEP	  
[22],	  are	  taking	  charge	  for	  testing	  and	  rating	  ccASHP	  products	  from	  different	  manufacturers.	  
They	   provide	   detailed	   specifications	   and	   requirements	   as	   well	   as	   a	   list	   of	   heat	   pumps	  
including	  their	  performance	  parameters.	  Particularly,	  the	  nominal	  Coefficient	  of	  Performance,	  
COP,	  and	  the	  Seasonal	  COP	  are	  probably	  the	  two	  main	  values	  to	  take	  into	  account	  when	  rating	  
a	  ccASHP.	  The	  nominal	  COP	  gives	  an	  indication	  of	  performance	  while	  operating	  at	  full	  load	  at	  
nominal	  conditions,	  which	  is	  not	  often	  achieved.	  On	  the	  other	  hand,	  the	  seasonal	  COP	  is	  more	  
accurate	  because	  it	  is	  retrieved	  over	  a	  cooling	  or	  heating	  season,	  giving	  better	  real-­‐life	  energy	  
efficiency	  values.	  The	  following	  figure	  shows	  a	  simplified	  comparison	  of	  the	  two	  COPs.	  
Figure	  9:	  Nominal	  versus	  Seasonal	  COP.	  Source:	  Daikin	  Europe,	  Energy	  Label,	  Seasonal	  Efficiency	  
According	   to	  NEEP	   [23],	   energy	   efficiency	   stakeholders	   from	   the	  Northeast	   lack	   confidence	  
that	   the	   existing	   heating	   performance	   metric	   for	   air-­‐source	   heat	   pumps	   provides	   the	  
necessary	   information	   to	   adequately	   characterize	   heating	   performance	   across	   the	   heating	  
season	  and	  particularly	  at	  low	  temperatures.	  In	  addition,	  supplemental	  information	  provided	  
by	   manufacturers	   to	   demonstrate	   cold	   temperature	   performance	   is	   not	   standardized	   or	  
consistent.	  The	  current	  performance	  metric	  does	  not	  include	  low	  temperature	  testing	  points	  
below	   17°F,	   assumes	   the	   use	   of	   electric	   resistance	   elements,	   and	   tests	   in	   steady-­‐state	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operation	  (as	  opposed	  to	  allowing	  modulation).	  These	  deficiencies	  add	  up	  to	  measurements	  
that	  do	  not	  accurately	  reflect	  performance	  of	  the	  latest	  generation	  of	  air-­‐source	  heat	  pumps,	  
such	  as	  cc	  ASHPs,	  designed	  and	  optimized	  to	  provide	  heat	  efficiently.	  In	  order	  to	  address	  these	  
concerns,	   NEEP	   introduced	   the	   Cold	   Climate	   Air-­‐Source	   Heat	   Pump	   (ccASHP)	   Specification	  
[ 24 ]	   and	   a	   list	   of	   those	   products	   that	   meet	   the	   specification’s	   requirements.	   Those	  
requirements	   include	   both	   specific	   performance	   levels	   as	   well	   as	   a	   series	   of	   reporting	  
requirements.	  The	  specification	  was	  designed	  to	  identify	  air-­‐source	  heat	  pumps	  that	  are	  best	  
suited	  to	  heat	  efficiently	  in	  cold	  climates.	  The	  specification	  is	  intended	  as	  a	  model	  equipment	  
specification	  to	  be	  used	  broadly	  by	  energy	  efficiency	  program	  administrators	  in	  cold	  climates	  
as	  a	  minimum	  requirement	  for	  program	  qualification.	  As	  an	  example,	  testing	  and	  engineering	  
data	  are	  presented	  in	  tables	  such	  the	  one	  shown	  in	  the	  figure	  below.	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Figure	  10:	  Capacity	  Level	  table	  according	  ccASHP	  specifications.	  Source:	  NEEP.	  
Through	   their	   effort,	  NEEP	  help	   to	  define	  a	   set	  of	  performance	   requirements	   and	   reporting	  
requirements	  to	  establish	  ccASHP	  standards.	  
Despite	   the	   recent	   advancement	   in	   ccASHP	   technologies,	   ground-­‐source	   and	   water-­‐source	  
heat	  pumps	  are	  still	  more	  efficient,	  due	  to	  the	  ground	  or	  water	  temperature	  being	  much	  more	  
stable	  and	  constant	  throughout	  the	  year.	  On	  the	  other	  hand,	  especially	  for	  existing	  buildings,	  
air-­‐source	   applications	   are	   typically	   significantly	   more	   economically	   feasible	   because	   no	  
expensive	   digging	   is	   required.	   Typically,	   new	   constructions	   and	   zones	   with	   available	   land	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represent	   the	   best	   scenario	   for	  WSHPs	   and	  GSHPs.	   Unfortunately,	   this	   is	   rarely	   the	   case	   in	  
New	  York	  City.	  	  Previous	  studies	  [25]	  confirm	  that	  performance	  of	  Air-­‐Source	  systems	  largely	  
depend	   on	   the	   weather	   conditions.	   For	   instance,	   under	   the	   same	   outdoor	   air	   temperature	  
conditions	  (4	  ºC)	  the	  power	  consumptions	  of	  the	  ASHP	  on	  rainy	  days	  were	  higher	  (38%)	  than	  
that	  on	  sunny	  days,	  and	  the	  COPs	  of	  the	  heat	  pump	  unit	  and	  the	  heat	  pump	  system	  on	  sunny	  
days	  were	  higher	  (54%)	  than	  that	  on	  rainy	  days.	  For	  the	  ASHP	  system	  and	  the	  GSHP	  system,	  
the	  power	  consumption	  of	  energy	  transport	  components	  accounts	  for	  about	  19%	  and	  43%	  of	  
the	   total	   power	   consumption,	   respectively.	   The	   average	   COPs	   of	   GSHP	  were	   from	   114%	   to	  
59%	  higher	  than	  that	  of	  ASHP	  systems.	  This	  means	  that	   for	  space	  heating,	   the	  GSHP	  system	  
could	  perform	  better	  than	  traditional	  ASHP	  systems	  in	  terms	  of	  energy	  efficiency.	  	  
For	   our	   study,	   as	   a	   result	   of	   all	   the	   described	   characteristics,	   the	   COPs	   and	   seasonal	   COPs	  
considered	   are	   the	   ones	   specifically	   for	   ccASHP,	   according	   to	   the	  NEEP	   library,	   in	   order	   to	  
better	   represent	   the	   New	   York	   City	   scenario	   and	   its	   limitations	   in	   terms	   of	   climate	   and	  
installation.	  According	  to	  NEEP	  performance	  data,	  in	  our	  analysis	  the	  COP	  values	  range	  from	  
1.8	  to	  3.3,	  based	  on	  the	  ambient	  and	  system	  conditions.	  	  
While	  we	  note	   the	   issues	  of	  performance	  risk	   in	  HP	  operations,	   this	   is	  not	  quantified	   in	   the	  
COP	  used	  for	  analysis	  in	  this	  paper.	  	  The	  data	  utilized	  and	  the	  impact	  of	  considering	  different	  
COPs	  are	  mentioned	  in	  the	  methods	  and	  results	  chapter.	  It	  is	  also	  important	  to	  mention	  that	  
there	   are	   potential	   risks	   related	   to	   a	   widespread	   heat	   pumps	   installation.	   These	   would	  
concern	  the	  NYS	  electric	  grid	  limited	  capacity	  and	  they	  are	  described	  in	  the	  next	  chapter.	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6.	  New	  York	  State	  Electric	  Grid	  
	  
The	   electric	   grid	   in	   New	   York	   State	   is	   currently	   managed	   by	   the	   New	   York	   Independent	  
System	   Operator.[ 26 ]	   NYISO,	   which	   started	   its	   operation	   in	   1999,	   is	   a	   not-­‐for-­‐profit	  
corporation	   responsible	   for	   operating	   the	   state’s	   bulk	   electricity	   grid,	   administering	   New	  
York’s	   competitive	   wholesale	   electricity	   markets,	   conducting	   comprehensive	   long-­‐term	  
planning	  for	  the	  state’s	  electric	  power	  system,	  and	  advancing	  the	  technological	  infrastructure	  
of	  the	  electric	  system	  serving	  New	  York	  state.	  NYISO	  is	  responsible	  of	  providing	  electricity	  to	  
almost	  20	  million	  people	  throughout	  the	  state.	  The	  commercial	  sector	   leads	  consumption	  of	  
electricity	   in	   New	   York,	   using	   more	   than	   half	   of	   all	   retail	   electricity	   sold	   in	   the	   state.	   The	  
residential	   sector	   accounts	   for	   more	   than	   one-­‐third	   of	   retail	   electricity	   sales,	   and	   the	  
industrial	  and	  transportation	  sectors	  use	  the	  rest.	  About	  one	  in	  nine	  New	  York	  households	  use	  
electricity	   for	   heating,	   and,	   in	   terms	   of	   electricity	   consumption	   per	   capita,	   New	  York	   ranks	  
among	  the	  lowest	  in	  the	  nation.	  The	  following	  figure	  shows	  the	  NYISO	  map	  including	  the	  load	  
zones.	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Figure	  11:	  New	  York	  State	  load	  zones.	  Source:	  NYISO	  
Most	  of	  the	  generated	  electricity	  flows	  east	  and	  south	  because	  two-­‐thirds	  of	  the	  state's	  power	  
demand	  is	  in	  the	  New	  York	  City	  and	  Long	  Island	  region,	  which	  are	  zones	  J	  and	  K	  from	  the	  map,	  
however	  only	  about	  half	  of	  net	  electricity	  generation	  originates	   there.	   [27]	  Despite	   the	  high	  
demand,	  NYS	  has	  developed	  one	  of	   the	  most	  energy-­‐efficient	   state	  economies	   in	   the	  nation,	  
and	   the	   state	   consumes	   less	   total	   energy	   per	   capita	   than	   all	   other	   states	   except	   Rhode	  
Island.27	   Electricity	   generation	   is	   obtained	   through	   different	   sources.	   In	   fact	   natural	   gas,	  
nuclear	   power,	   and	   hydroelectricity	   typically	   provide	   more	   than	   nine-­‐tenths	   of	   New	   York	  
State's	  net	  electricity	  generation;	  other	  renewable	  resources	  provide	  most	  of	  the	  rest.	  [28]	  In	  
this	  regard,	  the	  figure	  below	  shows	  the	  net	  electricity	  generation	  by	  source,	  in	  July	  2018.	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Figure	  12:	  New	  York	  Net	  electricity	  generation	  by	  source	  (July	  2018).	  Source:	  NYISO	  
	  
As	  of	  2018,	  more	  than	  50%	  of	  NYS	  power	  plants	  are	  fired	  by	  natural	  gas.	  Additionally,	  more	  
than	  one	  third	  of	  the	  electrical	  capacity	  is	  represented	  by	  dual-­‐fuel	  plants	  that	  can	  be	  powered	  
by	  either	  gas	  or	  fuel	  oil.	  [29]	  This	  makes	  the	  state	  electricity	  production	  more	  reliable	  in	  the	  
event	  of	  a	  natural	  gas	  supply	  disruption,	  especially	  during	  winter	  season.	  	  
The	  electric	  grid	  presents	  a	  remarkable	  distinction	  between	  NYS,	  specifically	  upstate,	  and	  NYC	  
and	   downstate	   areas.	   In	   fact,	   despite	   the	   available	   amount	   of	   renewables,	   there	   are	  
transmission	   and	   congestion	   issues	   that	   limit	   the	   zero	   emission	   power	   generation	   to	   be	  
utilized	  in	  NYC	  and	  Long	  Island,	  zones	  J	  and	  K,	  as	  shown	  in	  the	  	  
	  below.	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Figure	  13:	  Zero	  emissions	  power	  distinction	  between	  upstate	  and	  downstate.	  Source:	  Blueprint	  
for	  Efficiency	  report,	  Urban	  Green	  Council	  
The	   transmission	   infrastructure	  moves	   electricity	   over	   11,173	   circuit-­‐miles	   of	   high-­‐voltage	  
cables	  [30],	  and	  the	  power	  demands	  of	  the	  downstate	  region	  have	  attracted	  the	  development	  
of	   various	   transmission	  projects,	  primarily	   to	   serve	   southeastern	  New	  York,	  which	   includes	  
Manhattan.	  More	   than	  2,700	  MW	  of	   transmission	   capability	   have	  been	   added	   to	   serve	  New	  
York’s	   electric	   system	  since	  2000,	  however	   the	   congestion	   issue	   still	   exists.	  Due	   to	   this,	   the	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benefits	  of	   the	   significant	   renewable	  energy	  production	   in	   the	  upstate	   region	  give	  a	   limited	  
contribution	  to	  NYC	  due	  to	  the	  current	  grid	  status	  and	  its	  transmission	  constraints.	  
	  
With	  the	  introduction	  of	  heavy	  building	  electrification,	  the	  load	  demand	  pattern	  would	  change	  
significantly.	  In	  the	  winter	  season,	  traditional	  systems	  would	  be	  replaced	  by	  heat	  pumps.	  The	  
hot	  water	  and	  heating	  natural	  gas	  and	  oil	  resources	  would	  be	  shifted	  to	  additional	  electricity	  
demand,	  which	  might	  equal	  and	  potentially	  exceed	  the	  current	  summer	  peak	  load.	  Once	  again,	  
transmission	   constraints	   will	   come	   into	   play	   and	   possibly	   limit	   winter	   electricity	   supply.	  
According	  to	  previous	  studies	  [31],	  a	  comprehensive	  citywide	  building	  electrification	  in	  NYC	  
would	   lead	  to	  winter	  peak	  of	  about	  13,000	  MW.	   	  This	  value	  was	  estimated	  by	  considering	  a	  
load	   factor	   of	   about	   76	   percent.	   Additionally,	   a	   substantial	   reduction	   in	   heating	   load	   for	  
existing	   buildings	   needs	   to	   be	   achieved	  by	   improving	   envelope	   and	   air	   tightness	   as	  well	   as	  
heat	  recovery	  measures.	  Nevertheless,	  provide	  an	  accurate	  winter	  peak	  value	  due	  to	  a	   large	  
heat	  pumps	  adoption	  still	  remains	  a	  tough	  challenge	  although	  it	  is	  an	  on-­‐going	  research	  topic	  
treated	  by	  NYC's	  industry	  experts	  joining	  their	  efforts	  in	  order	  to	  predict	  possible	  grid	  impact	  
scenarios.	  
	  
As	  one	  of	   the	  environmentally	  driven	   leading	  states,	  New	  York	  State	  committed	   to	   the	  New	  
York’s	  Clean	  Energy	  Standard	  (CES)	  [32],	  which	  was	  stipulated	  under	  Governor	  Cuomo.	  The	  
CES	   represents	   one	   of	   the	   crucial	   steps	   of	   Governor	   Cuomo’s	   Reforming	   the	   Energy	   Vision	  
(REV)	   [33]	   strategy	   to	   build	   a	   clean,	   resilient,	   and	   affordable	   energy	   system	   for	   all	   New	  
Yorkers	   reaffirms	   the	   State’s	   global	   leadership	   on	   climate	   change.	   CES	   is	   the	   most	  
comprehensive	  and	  ambitious	  clean	  energy	  goal	  in	  the	  State's	  history.	  The	  CES	  is	  designed	  to	  
fight	   climate	   change,	   reduce	   harmful	   air	   pollution,	   and	   ensure	   a	   diverse	   and	   reliable	   low	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carbon	  energy	  supply.	  To	  help	  achieve	  these	  goals,	   the	  CES	  requires	  that	  50	  percent	  of	  New	  
York's	  electricity	  come	  from	  renewable	  energy	  sources	  such	  as	  solar	  and	  wind	  by	  2030	  based	  
on	   1990	   baseline	   (50%	   by	   2030),	   with	   a	   progressive	   phase-­‐in	   schedule	   starting	   in	   2017.	  
According	   to	   the	   New	   York	   State	   energy	   profile	   data,	   almost	   30%	   of	   the	   total	   energy	   is	  
produced	   from	   renewable	   resources,	   which	   include	   hydroelectric,	   wind,	   biomass	   and	   solar	  
photovoltaic	  (PV).	  In	  particular,	  hydroelectricity	  represents	  the	  large	  share	  of	  renewables.	  In	  
fact	  the	  2.4-­‐gigawatt	  Robert	  Moses	  Niagara	  hydroelectric	  power	  plant	  at	  Lewiston,	  New	  York,	  
near	   Niagara	   Falls	   began	   operating	   in	   1961	   and	   it	   is	   still	   today	   one	   of	   the	   four	   biggest	  
hydropower	  plant	  in	  the	  whole	  nation.	  [34]	  Despite	  the	  significant	  hydropower	  capacity,	  NYS	  
is	  aiming	  to	  significantly	  increase	  its	  wind	  and	  solar	  penetration.	  In	  particular,	  in	  2014	  the	  NY-­‐
Sun	   [35]	   initiative	  was	   created	  with	   the	   objective	   of	   installing	   a	   solar	   PV	   capacity	   of	   3,000	  
megawatts	   by	   2023.	   Regarding	   wind	   generation,	   NYS	   currently	   operates	   more	   than	   two	  
dozens	  wind	  farms	  around	  the	  state,	  and	  even	  more	  are	  under	  development.	  In	  fact,	  in	  early	  
2018,	  New	  York	  committed	  funding	  for	  three	  new	  wind	  farms.	  [36]	  Estimates	  show	  that	  the	  
state	  has	  a	  potential	  for	  nearly	  140,000	  megawatts	  of	  onshore	  wind	  energy.	  Overall,	  New	  York	  
State	   GHGs	   emissions	   from	   electricity	   generation	   have	   declined	   since	   2000	   because	   of	  
increased	  use	  of	  renewable	  resources	  and	  natural	  gas,	  retirements	  of	  petroleum	  and	  coal-­‐fired	  
power	  plants.	  Despite	  these	  initiatives	  show	  NYS's	  ambitious	  commitment	  towards	  a	  cleaner	  
and	  more	  efficient	  built	  environment,	   economic	   factors	  may	  undermine	   the	  state's	  plans.	   In	  
fact,	   the	   low	   price	   of	   natural	   gas	   makes	   gas-­‐fired	   power	   plants	   a	   better	   investment.	   The	  
extraction	  of	  natural	  gas	  (NG)	  from	  shale,	  performed	  through	  fracking,	  is	  projected	  to	  increase	  
in	  the	  near	  future,	  as	  shown	  in	  the	  chart	  [37]	  below.	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Figure	  14:	  U.S.	  natural	  gas	  production	  projection.	  Source:	  The	  Effects	  of	  Shale	  Gas	  Production	  on	  
Natural	  Gas	  Prices,	  Cornell	  University.	  
As	   the	   graph	   shows,	   due	   to	   fracking	   and	   shale	   gas	   extraction,	   in	   the	   next	   20-­‐25	   years	   an	  
abundance	  of	  gas	  resources	  will	  be	   likely	   to	  occur.	  Consequently,	   the	  price	  of	  natural	  gas	   in	  
the	   U.S.	   will	   be	   very	   competitive,	   even	   in	   comparison	   with	   other	   energy	   markets,	   such	   as	  
Europe	  and	  Japan.	  The	  following	  chart	  [38]	  shows	  the	  natural	  gas	  price	  projection	  according	  
to	  the	  World	  Bank.	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Figure	  15:	  natural	  gas	  price	  projections,	  U.S.,	  Europe	  and	  Japan.	  Source:	  World	  Bank	  Commodity	  
Forecast	  Price	  Data,	  October	  2018	  
All	   these	   energy	   market	   and	   economy	   related	   considerations	   must	   be	   taken	   into	   account	  
when	  dealing	  with	  renewable	  energy	  resources	  development.	  For	   instance,	   the	   Indian	  Point	  
nuclear	  power	  plant	  of	  Indian	  Point,	  located	  in	  Buchanan,	  will	  most	  likely	  be	  decommissioned	  
and	  replaced	  by	  a	  gas-­‐fired	  power	  plant.	  In	  general	  terms,	  despite	  the	  direction	  of	  the	  energy	  
production	  in	  NYS	  seems	  to	  favor	  cleaner	  power	  plants,	  it	  is	  likely	  that	  heavy	  public	  incentives	  
will	  be	  required	  in	  order	  to	  make	  renewable	  energy	  investments	  feasible	  and	  sustainable.	  	  
Besides	   the	   cost	   aspect	   and	   the	   incentives	   needed	   to	   develop	   renewable	   projects,	   the	  
availability	  of	  resources	  in	  the	  state	  is	  another	  driver	  worth	  mentioning.	  Since	  New	  York	  State	  
deregulated	   the	   energy	   market,	   power	   investments	   are	   driven	   by	   private	   decision	   makers	  
looking	   to	  minimize	   their	   capital	   risk.	   Previous	  work	   [39]	   showed	   that,	   despite	   the	  need	  of	  
having	   a	   full	   electric	   reliability	   for	   NYC,	   power	   systems	   deregulation	   introduces	   new	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investment	  market	  dynamics	  that	  influence	  the	  development	  of	  electrical	  infrastructures.	   	  In	  
other	  words,	  in	  a	  de-­‐regulated	  market	  scenario,	  major	  project	  investments	  and	  development	  
are	  constrained	  by	  uncertainties	  regarding	  other,	  competing	  projects.	  As	  a	  consequence,	  large	  
electrical	   grid	   components,	   such	   as	   transmission	   lines	   and	   power	   plants,	   may	   not	   be	  
completed	   in	   necessary	   timeframes	   in	   order	   to	   avoid	   capacity	   shortfalls.	   Additionally,	   this	  
would	   impact	   the	   urban	   sustainability	   of	   large	   cities	   such	   as	   New	   York.	   In	   sum,	   electrical	  
capacity	   and	   urban	   sustainability	   planners	   need	   to	   consider	   the	   dynamics	   of	   how	   large	  
infrastructure	  investments	  are	  made,	  or	  rather	  not	  made,	  in	  an	  uncertain	  economic	  scenario,	  



















It	   is	   hypothesized	   that	   building	   electrification,	   under	   certain	   conditions	   of	   electric	   grid's	  
renewables	   sources,	   can	   reduce	   fossil	   fuel	   consumption	   and	   in	   New	   York	   City.	   As	   a	  
consequence,	   fossil	   fuel	   savings	   translate	   into	  GHGs	   emissions	   reduction.	   This	  will	   help	   the	  
city	  to	  reach	  the	  challenging	  goal	  represented	  by	  the	  80X50	  roadmap.	  
In	  order	   to	  demonstrate	   the	  possible	  building	   electrification	  benefits,	   the	   fossil	   fuel	   savings	  
analysis	  will	  be	  divided	  in	  two	  steps:	  
	  
Step	  1,	  Hydronic	  Conversion:	  Comparing	   the	   fossil	   fuel	  utilization	  and	   the	  efficiency	  of	   steam	  
versus	  hydronic	  system.	  
	  
Step	   2,	   Electrification:	   As	   the	   grid	   will	   become	   cleaner,	   heat	   pump	   solutions	   will	   be	  
investigated	   and	   their	   performance	   in	   terms	   of	   fuel	   consumption	  will	   be	   also	   analyzed	   and	  
benchmarked	  with	  traditional	  systems.	  
	  
The	  next	  section	  describes	  the	  CUNY	  BPL	  model,	  which	  was	  considered	  as	  the	  main	  frame	  in	  
order	  to	  obtain	  the	  results,	  as	  well	  as	  the	  synthetic	  data	  generated	  and	  utilized	  as	  input	  for	  the	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7.1	  The	  CUNY	  BPL	  model	  
	  
The	  CUNY	  BPL	  model	  aims	  to	  compare	  the	  performance	  of	  electrified	  building	  systems	  with	  
traditional	   systems,	   such	   as	   hot	   water	   and	   steam.	   The	   computations	   and	   analysis	   were	  
performed	   based	   on	   a	   spreadsheet	   developed	   by	   the	   CUNY	   Building	   Performance	   Lab	  
Director,	  Michael	  Bobker.	  [40]	  Below	  it	  is	  an	  image	  of	  the	  model	  structure.	  
	  
Figure	  16:	  snapshot	  of	  Michael	  Bobker's	  model	  in	  a	  spreadsheet.	  Source:	  CUNY	  BPL	  
As	  it	  can	  be	  seen	  in	  the	  figure	  above,	  in	  the	  left	  side	  an	  abstract	  steam	  boiler	  and	  a	  hot	  water	  
heating	  system	  are	  compared.	  Similarly,	  an	  abstract	  heat	  pump	  system	  is	  also	  considered	  in	  a	  
second	  instance.	  All	  the	  aforementioned	  building	  systems	  have	  a	  load	  of	  100	  units,	  that	  can	  be	  
thought	   as	   British	   Thermal	   Units	   (BTU)	   in	   order	   to	   simplify	   the	   calculations.	   The	   model's	  
variables,	  which	  are	  shown	  with	  a	  green	  background,	  are	  the	  efficiency	  of	  the	  steam	  system,	  
the	  efficiency	  of	  the	  hot	  water	  system,	  the	  Coefficient	  of	  Performance	  (COP)	  of	  the	  heat	  pump	  
and	  the	  renewable	  portion	  (%)	  of	  the	  NYS	  grid.	  On	  the	  other	  hand,	  the	  yellow	  cells	  represent	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the	   fossil	   fuel	   inputs	   related	   to	   each	  building	   technology,	   considering	   a	   common	  equivalent	  
output	   (load)	  of	  100	  BTU.	  The	   fossil	   fuel	   inputs	   are	  proportional	   to	   the	  Green	  House	  Gases	  
(GHGs)	  emissions	   in	   to	   the	  atmosphere.	  The	  model	  was	  developed	   in	  order	   to	   compare	   the	  
performance	  and	   the	   fossil	   fuel	  usage	  of	   the	  different	   systems	  on	   the	  same	  reference	  plane.	  
The	   input	   fossil	   fuel	  quantities	  used	  at	   the	  site,	  which	  are	  pictured	   in	  yellow,	  are	  calculated	  
based	  on	  the	  steam	  and	  hot	  water	  systems	  efficiency,	  color	  coded	  in	  green.	  
In	   addition	   to	   the	   energy	   being	   utilized	   at	   the	   building,	   the	   generation,	   transmission	   and	  
distribution	   of	   electricity	  must	   be	   considered	   in	   order	   to	   take	   into	   account	   the	   site	   versus	  
source	  energy	  production	  and	  utilization.	  For	   this	  reason,	   located	   in	   the	  center	  of	   the	   figure	  
above,	   there	   is	   an	   abstract	   electric	   grid	   and	   power	   plant.	   This	   fictitious	   representation	  
accounts	  for	  the	  actual	  New	  York	  State	  electric	  infrastructure.	  	  	  	  
In	  other	  words,	  with	  this	  fictitious	  electric	  grid	  and	  power	  plant,	  all	  the	  losses	  due	  to	  power	  
generation,	   transmission	  and	  distribution	  are	   taken	   into	  account.	   In	   the	  current	  state	  of	   the	  
electric	  grid,	  the	  generation	  losses	  represent	  about	  two	  thirds	  (67%)	  of	  the	  fossil	  fuel	  input	  at	  
the	  power	  plant	  (i.e.	  the	  source).	  	  Therefore	  the	  conversion	  efficiency	  of	  electricity	  production	  
was	  considered	  to	  be	  the	  remaining	  third	  (33%).	  An	  additional	  10%	  loss	  can	  be	  assigned	  to	  
transmission	  and	  distribution,	  as	  it	  is	  shown	  in	  the	  model.	  The	  figure	  below	  shows	  the	  concept	  
of	  site	  versus	  source	  energy.	  
	  
	   45	  
	  
Figure	  17:	  Schematic	  representing	  the	  site	  vs	  source	  energy	  and	  the	  related	  losses.	  Source:	  
Archtoolbox,	  Site	  vs	  Source	  energy.	  
In	  other	  building	  systems	  powered	  by	  natural	  gas	  or	  oil,	  but	  also	  district	  steam,	  the	  losses	  due	  
to	  transmission	  and	  generation	  are	  neglected	  because	  the	  site	  and	  the	  source	  are	  much	  closer	  
in	  value	  than	  in	  the	  case	  for	  electricity.	  	  
Regarding	  the	  NYS	  electric	  grid,	  it	  has	  a	  maximum	  peak	  of	  about	  30,000	  MW	  and	  its	  electricity	  
is	   produced	   by	   either	   burning	   various	   fossil	   fuels,	   mainly	   natural	   gas,	   and	   by	   utilizing	  
renewable	   energy	   sources.	   The	   input	   of	   the	   abstract	   NYS	   power	   plant	   is	   divided	   in	   two	  
portions:	   fossil	   fuel	  percentage	   and	   renewable	   energy	  percentage.	  As	  of	  2018,	   the	  NYS	  grid	  
has	  about	  22%	  of	  renewable	  energy	  sources,	  considering	  also	  the	  nuclear	  power	  production.	  
However,	   nuclear	   power	   plants	   like	   Indian	   Point	   (IP	   in	   the	   model)	   will	   be	   completely	  
decommissioned,	   thus	  decreasing	  the	  renewable	  portion	  of	   the	  overall	  power	  generation	  by	  
2,000	  MW	  or	  even	  more.	  [41]	  As	  a	  consequence,	  new	  gas-­‐fired	  power	  plants	  will	  be	  put	  into	  
service	  causing	  a	  reduction	  of	  the	  grid	  renewable	  portion,	  which	  in	  our	  analysis	  is	  considered	  
to	  be	  15%,	  rather	  than	  22%.	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The	   actual	   building	   electrification	   conversion	   is	   represented	   by	   the	   heat	   pump	   system.	   In	  
most	   cases,	   this	   technology	   uses	   electricity	   produced	   by	   the	   grid	   and	   its	   efficiency	   is	  
represented	   by	   the	   Coefficient	   of	   Performance	   (COP),	   which	   is	   also	   a	   variable	   pictured	   in	  
green.	  As	  the	  model	  image	  shows,	  the	  input	  energy	  consumption	  is	  located	  at	  the	  power	  plant	  
and	   it	   is	  divided	  between	  fossil	   fuel	  and	  renewable	  resources,	  as	  mentioned	  above.	  Also	  the	  
heat	  pumps'	   input	   energy	   is	   subject	   to	   all	   the	   losses	  and	   the	   clean	  energy	   share	  of	   the	  NYS	  
electric	   grid.	   In	   the	   computations	   performed,	   the	   losses	   were	   kept	   constant,	   although	   the	  
power	  plant	  conversion	  efficiency	  could	  be	  improved	  in	  certain	  cases,	  whereas	  the	  renewable	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7.2	  Synthetic	  Data	  
	  
	  
The	  data	  needed	  in	  order	  to	  feed	  the	  model	  are	  essentially	  the	  variables	  depicted	  in	  green:	  the	  
steam	   system	   efficiency,	   the	   hot	   water	   system	   efficiency,	   the	   heat	   pump	   COP	   and	   the	  
renewable	   energy	   portion	   of	   NYS	   grid.	   These	   variables	   represent	   the	   starting	   point	   of	  
synthetic	  data	  generation.	  
The	   variables	   considered	   in	   the	   model	   were	   retrieved	   through	   a	   data	   generation	   process	  
which	  involved	  the	  collection	  of	  a	  large	  number	  of	  parameters	  from	  several	  literature	  sources.	  
In	   order	   to	   better	   represent	   the	   NYC	   actual	   conditions,	   many	   data	   concerning	   the	   current	  
electric	   grid	  and	  building	  electrification	  were	  generated	   from	   literature	  mainly	  produced	   in	  
NYC	   itself.	   Sources	   considered	   include	   NYC	   technical	   working	   group	   reports	   [42]	   and	   U.S.	  
Department	  of	  Energy	  studies	  as	  well	  [43],	  amongst	  others.	  On	  the	  other	  hand,	  the	  renewable	  
portion	   of	   NYS	   grid	   was	   considered	   to	   be	   15%	   at	   the	   minimum,	   to	   simulate	   the	   future	  
decommissioning	   of	   Indian	   Point	   and	   the	   introduction	   of	   new	   gas-­‐fired	   power	   plants,	   and	  
increased	  with	  linear	  increments	  up	  to	  about	  50%	  to	  take	  into	  account	  the	  NYS	  energy	  plan	  to	  
have	  at	   least	  50%	  renewable	  energy	  sources	  by	  2030.	   [44]	  Additionally,	  data	   related	   to	   the	  
current	   status	   of	   NYS	   electric	   grid	   and	   the	   share	   of	   the	   different	   energy	   resource,	   such	   as	  
natural	  gas,	  wind	  and	  solar,	  were	  obtained	  from	  the	  NYISO	  online	  library.	  [45]	  
Specifications	  related	  to	  heat	  pump	  systems	  were	  generated	  by	  online	  resources	  such	  as	  the	  
Northeast	   Energy	   Efficiency	   Partnerships	   (NEEP)	   [22],	   which	   provides	   access	   to	   databases	  
with	  many	  reference	  values,	   such	  as	  heat	  pump's	  COPs	   for	   instance.	  Specifically,	   in	  order	   to	  
better	   represent	   the	   weather	   conditions	   in	   NYC,	   cold	   climate	   heat	   pumps'	   data	   were	  
considered	  as	  the	  reference	  for	  the	  model.	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The	  efficiency	  data	  input	  concerning	  current	  steam	  and	  hot	  water	  technologies	  were	  provided	  
by	  Dr.	  Michael	  Bobker's	  experience	   in	   the	  energy	  efficiency	   field	  and	  resources	  collected	  by	  
the	  CUNY	  BPL.	  [46]	  
As	  a	  result	  of	  a	  data	  processing	  method,	   that	  aimed	  to	  discard	  biased	  data	  not	  representing	  
NYC	  and	  its	  conditions,	  the	  datasets	  were	  filtered	  and	  rearranged.	  Additionally,	  the	  data	  were	  
formatted	  with	  discrete	   increments	   in	  order	   to	   facilitate	   the	   computation	  and	   subsequently	  
their	  visualization.	  The	  image	  below	  shows	  an	  example	  of	  the	  input	  datasets.	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The	  example	  table	  is	  showing	  arrays	  of	  data,	  although	  our	  analysis	  performs	  all	  possible	  set	  of	  
comparisons,	  not	  just	  one	  to	  one,	  as	  shown	  in	  the	  3-­‐D	  graphs	  reported	  in	  the	  results	  section.	  	  
All	   input	   data	  mentioned	   previously	  were	   fed	   into	   a	   code	   tailored	   to	   apply	   the	  model	  with	  
large	  datasets.	  The	  programming	  language	  Matlab	  was	  used	  to	  perform	  all	  the	  computations	  
since	  it	  is	  very	  suitable	  for	  efficiently	  managing	  big	  datasets	  and	  producing	  effective	  graphical	  
results.	  All	   the	   formulas	   and	   functions	   included	   in	   the	  model	  were	   translated	   into	   a	  Matlab	  
code.	  [47]	  The	  script	  intakes	  data	  from	  a	  spreadsheet,	  as	  shown	  in	  the	  previous	  figure,	  and	  it	  
computes	  the	  functions	  included	  in	  the	  CUNY	  BPL	  model.	  In	  other	  terms,	  the	  fossil	  fuel	  usages	  
for	   the	   different	   building	   systems	   are	   retrieved	   as	   a	   function	   of	   the	   input	   datasets	   and	   an	  
arbitrary	  requested	  output.	  The	  results	  obtained	  have	  the	  objective	  to	  visualize	  the	  fossil	  fuel	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8.	  Results	  and	  Discussion	  
	  
8.1	  Fuel	  savings:	  steam	  to	  how	  water	  conversion	  
	  
The	   lower	   hanging	   fruit	   upgrade	   for	   the	   majority	   of	   NYC	   buildings	   is	   represented	   by	   the	  
conversion	   from	   a	   steam	   boiler	   to	   a	   hot	   water	   system.	   This	   building	   tune-­‐up	   can	   lead	   to	  
significant	  savings	  in	  terms	  of	  input	  fuel,	  which	  is	  natural	  gas	  in	  most	  cases.	  The	  figure	  below	  
shows	  the	  fuel	   input	  needed	  in	  order	  to	  supply	  a	  steam	  boiler	  and	  a	  hot	  water	  system,	  with	  
typical	  values	  of	  efficiency.	  Steam	  boilers	  can	  perform	   in	  a	  60%-­‐75%	  efficiency	  range	  while	  
hot	  water	  system	  can	  have	  values	  between	  75%-­‐90%.	  For	  both	  systems	  the	  output	  load	  was	  
considered	  100	  BTU.	  
	  
	  
Figure	  19:	  Steam	  VS	  Hot	  Water	  Input	  Fuel	  (for	  100	  BTU	  output)	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As	   the	   figure	  above	  shows,	   steam	  boiler	   can	  have	  up	   to	  166	  BTU	   input	   fuel,	   given	  100	  BTU	  
load.	  On	  the	  other	  hand,	  hot	  water	  systems	  fuel	  can	  be	  in	  the	  range	  of	  133-­‐111	  BTU.	  Note	  that	  
the	  Grid	  renewable	  portion,	  which	  is	  located	  on	  the	  left	  horizontal	  axes,	  does	  not	  influence	  the	  
input	  fuel,	  because	  this	  is	  considered	  to	  be	  on	  site	  energy.	  
A	  further	  analysis	  concerns	  the	  input	  fuel	  saving	  in	  percentage,	  related	  to	  the	  steam-­‐hot	  water	  
conversion.	   In	   this	   case,	   the	   best	   performing	   steam	   boiler,	   having	   75%	   efficiency,	   is	   put	   in	  





Figure	  20:	  Input	  fuel	  savings	  (%),	  most	  efficient	  steam	  boiler	  VS	  hot	  water	  systems	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From	  the	  figure,	  it	  can	  be	  noticed	  that	  the	  savings	  can	  be	  even	  more	  than	  20%,	  and	  renewable	  
sources	  in	  the	  grid	  do	  not	  play	  a	  role	  in	  this	  scenario.	  
The	   fuel	   input	  analysis	   concerning	  hot	  water	  upgrade	   shows	   that	   significant	   savings	   can	  be	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8.2	  Fuel	  savings:	  steam	  to	  heat	  pump	  conversion	  
	  
Another	  possible	  scenario	  is	  the	  direct	  conversion	  from	  steam	  to	  heat	  pump,	  skipping	  the	  hot	  
water	   upgrade.	   Similarly	   to	   the	   previous	   figure,	   the	   following	   graph	   shows	   the	   fossil	   fuel	  
savings	  as	  a	  result	  of	  this	  kind	  of	  upgrade.	  
	  
Figure	  21:	  Steam	  VS	  Heat	  Pump	  Input	  Fuel	  (for	  100	  BTU	  output)	  
From	  the	  graph,	  it	  can	  be	  seen	  that	  a	  direct	  conversion	  will	  translate	  in	  significant	  fossil	  fuel	  
savings,	   especially	   for	   high	   values	   of	   heat	   pump	  COPs.	  On	   the	   other	   hand,	   skipping	   the	   hot	  
water	  upgrade	   and	   implementing	   a	  heat	  pump	   solution	   is	   probably	  one	  of	   the	  most	   capital	  
intensive	  pathways.	  	  The	  next	  figure	  shows	  the	  fossil	  fuel	  savings	  in	  percentage	  related	  to	  the	  
conversion	  from	  the	  most	  efficient	  steam	  to	  heat	  pump.	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Figure	  22:	  Input	  fuel	  savings	  (%),	  steam	  VS	  heat	  pump	  systems	  
As	  the	  figure	  shows,	  by	  introducing	  electricity	  fed	  systems	  such	  as	  heat	  pumps,	  the	  renewable	  
status	  of	  the	  grid	  greatly	  influences	  the	  fossil	  fuel	  input.	  In	  fact,	  this	  kind	  of	  conversion	  could	  
give	  remarkable	  reduction	  in	  fossil	  fuel	  consumption,	  up	  to	  64%,	  for	  high	  values	  of	  heat	  pump	  
COPs	  and	  fossil-­‐free	  grid.	  However,	  low	  values	  of	  COPs	  and	  poor	  grid	  renewables	  percentage	  
can	  also	  give	  very	  poor	  savings,	  just	  under	  10%.	  In	  order	  to	  be	  successful,	  this	  pathway	  would	  
require	  rapid	  grid	   improvements.	  Furthermore,	   skipping	   the	  steam	  to	  hot	  water	  conversion	  
might	   not	   be	   the	  most	   economically	   feasible	   solution	   in	  most	   cases.	   For	   these	   reasons	   our	  
study	   focuses	   on	   the	   conversion	   from	   hot	   water	   to	   heat	   pump,	   as	   explained	   in	   the	   next	  
chapter.	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8.3	  Fuel	  savings:	  how	  water	  to	  heat	  pump	  conversion	  
	  
The	   fuel	   input	   analysis	  was	   repeated	   for	   a	  major	   conversion	   from	  hot	  water	   to	   heat	   pump.	  
This	   upgrade	   would	   require	   a	   significant	   investment	   for	   the	   majority	   of	   NYC	   buildings.	  
However,	  the	  benefits	  can	  be	  remarkable,	  as	  it	  can	  be	  seen	  in	  the	  following	  results.	  
	  
	  
Figure	  23:	  hot	  water	  VS	  heat	  pump	  Input	  Fuel	  (for	  100	  BTU	  output)	  
	  
In	   this	   regard,	   the	   figure	   above	   shows	   the	   input	   fuel	   usage	   for	   hot	   water	   and	   heat	   pump	  
solutions.	  The	  graph	  includes	  hot	  water	  systems	  with	  efficiency	  varying	  from	  75%	  to	  90%	  and	  
heat	  pump	  systems	  having	  COP	  between	  1.8	  and	  3.3,	  which	  represents	  the	  spectrum	  of	  typical	  
heat	  pump	  performance	   for	  cold	  climate	  weather	   locations,	   for	  both	  ground-­‐source	  and	  air-­‐
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source	  applications.	  As	   the	   figure	   shows,	   a	  100	  BTU	   threshold	  plane	  was	  added	   in	  order	   to	  
help	  visualize	   the	  benefits	  of	  heat	  pump	  solutions	   in	   terms	  of	   fuel	  needs.	  Despite	  hot	  water	  
heaters	  would	  need	  a	  source	  of	  natural	  gas	  ranging	   from	  133	  BTU	  to	  111	  BTU,	  heat	  pumps	  
show	  a	  more	  spread	  fuel	  usage	  combination.	  In	  other	  words,	  the	  green	  plane	  can	  either	  reach	  
BTU	  input	  values	  greater	  or	  smaller	  than	  the	  red	  plane.	  In	  fact,	  various	  combinations	  of	  COPs	  
and	   grid	   renewable	   penetration,	   which	   has	   boundaries	   15%	   and	   52.5%,	   result	   in	  
advantageous	   and	   disadvantageous	   scenarios.	   This	   means	   that	   heat	   pumps	   might	   have	   a	  
greater	   fuel	   consumption,	   this	   is	   due	   to	   the	   conversion	   efficiency	   and	   transmission	   and	  
distribution	   losses	   from	  the	  power	  plant	  to	  the	  building,	  according	  to	  the	  site	  versus	  source	  
energy	   concept.	   In	   order	   to	   understand	   better	  which	   values	   of	   grid	   renewable	   portion	   and	  
COPs	  are	  favorable	  in	  terms	  of	  savings	  for	  heat	  pumps,	  a	  further	  computation	  was	  performed.	  
The	  graph	  below	  shows	  even	  more	  clearly	  the	  reduced	  fuel	  consumption,	  but	  also	  the	  increase	  
in	   fuel	   consumption	   at	   the	   power	   plant,	   associated	   with	   heat	   pump	   conversion.	   To	   be	  
conservative	   only	   hot	  water	   heaters	  with	   the	  maximum	   efficiency	   (90%)	  were	   considered,	  
however	  heat	  pump's	  COPs	  can	  range	  from	  1.8	  to	  3.3.	  Similarly	  to	  the	  previous	  analysis,	  the	  
output	   was	   kept	   constant	   at	   100	   BTU.	   The	   horizontal	   white	   shape	   represents	   the	   "zero	  
savings"	  plane,	  in	  which	  the	  two	  solutions	  are	  equivalent.	  	  
The	   figure	   below	   confirms	   that	   BTU	   savings	   can	   be	   "positive"	   or	   "negative".	   The	   yellow	  
portion	  of	   the	  3D	  shape	  represents	   the	  values	  of	  COP	  and	  grid	  renewable	  percentage	  which	  
would	  result	   in	  significant	   fuel	  reduction	  thanks	   to	  heat	  pump	  adoption.	  On	  the	  other	  hand,	  
the	  blue	  section	  represents	  a	  negative	  saving,	  meaning	  an	  increase	  in	  power	  plant	  fuel	  usage.	  	  
	  




Figure	  24:	  hot	  water	  VS	  heat	  pump	  Savings	  in	  BTU	  (for	  100	  BTU	  output)	  
	  
	  
Fuel	   savings	   are	   obtained	   for	   COP	   values	   greater	   than	   2.6	   and	   clean	   resources	   percentage	  
greater	  than	  42.5%.	  Despite	  these	  numbers	  that	  translate	  into	  a	  minimum	  threshold	  in	  order	  
to	  obtain	  a	  fuel	  reduction,	  there	  are	  other	  combination	  of	  values	  that	  can	  still	  give	  a	  positive	  
outcome.	  
The	   same	   graph	  pictured	   in	   the	  previous	   figure	  was	   represented	   in	   a	  matrix	   format,	   in	   the	  
figure	   below.	   The	   red/orange	   cells	   represent	   the	   pair	   of	   variables	   that	   would	   return	   an	  
increase	  power	  plant	  fuel	  usage.	  Very	  low	  values	  of	  COP	  and	  a	  rather	  "dirty"	  grid	  can	  actually	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result	  in	  a	  negative	  outcome.	  On	  the	  opposite	  side,	  the	  green	  area	  includes	  values	  that	  can	  still	  
produce	  fuel	  reduction,	  for	  instance	  a	  COP	  of	  2.3	  and	  a	  35%	  clean	  grid	  would	  save	  almost	  17	  
BTU,	  for	  a	  100	  BTU	  load.	  The	  table	  below	  also	  shows	  a	  maximum	  fuel	  reduction	  of	  about	  63	  
BTU,	  per	  100	  BTU	  output	  and	  considering	  the	  boundaries	  of	  the	  analysis,	  and	  a	  maximum	  fuel	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8.4	  Grid	  and	  Heat	  Pump	  improvements	  scenarios	  
	  
Grid	   renewable	   energy	   share	   and	   heat	   pump	   Coefficient	   of	   Performance	   are	   the	   main	  
parameters	   that	   could	   determine	   significant	   fossil	   fuel	   reduction	   at	   the	   source.	   New	   York	  
State's	   objective	   to	   reach	   a	   50%	   clean	   grid	   by	   2030	   and	   the	   continuous	   technology	  
improvements	   that	  could	  make	  heat	  pump	  applications	  even	  more	  performing	  are	  probably	  
the	   two	   main	   drivers	   for	   a	   GHGs	   emission	   decrease	   accountable	   for	   NYC	   buildings	  
electrification.	  In	  this	  context,	  different	  scenarios	  of	  hot	  water	  to	  heat	  pump	  conversion	  were	  
analyzed	  in	  order	  to	  better	  understand	  the	  effects	  of	  the	  two	  variables	  in	  play,	  as	  shown	  in	  the	  
figure	  below.	  
	  
Figure	  26:	  Heat	  pump	  conversion	  scenarios,	  with	  fixed	  values	  of	  COPs	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The	   graph	   above	   is	   depicting	   the	   fossil	   fuel	   savings	   in	   BTU	   related	   to	   three	   different	   fixed	  
COPs	  scenarios	  and	  a	  15%	  -­‐	  52.5%	  range	  of	  clean	  grid.	  For	  COP	  greater	  than	  2.5,	  a	  15%	  clean	  
grid	  would	  produce	  a	  fossil	  fuel	  reduction.	  However,	  when	  COPs	  are	  lower	  (2.5	  -­‐	  1.8),	  the	  poor	  
grid	  conversion	  efficiency	  defeats	   the	  purpose	  of	  pursuing	  a	  building	  electrification	  solution	  
resulting	   in	   an	   increased	   fuel	   usage.	  Also,	   despite	  NYS	  50%	  by	  2030	  plan,	   it	   still	   remains	   a	  
challenge	  to	  have	  the	  electric	  grid	  with	  enough	  renewable	  energy	  resources	  in	  the	  next	  dozen	  
years.	  This	   is	  adding	  an	  additional	   time	  variable	   to	   the	   forecast,	  which	   is	  only	  mentioned	   in	  
our	   study.	   On	   the	   other	   hand,	   the	   image	   below	   shows	   a	   similar	   result	   although	   the	   two	  
variables	  now	  are	  inverted.	  
	  
Figure	  27:	  Heat	  pump	  conversion	  scenarios,	  with	  fixed	  values	  of	  Clean	  Grid	  (%)	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This	  graph	  takes	  into	  account	  fixed	  values	  of	  clean	  grid,	  which	  are	  20%,	  35%	  and	  50%.	  It	  has	  
to	  be	  noted	  that	  the	  grid	  has	  a	  current	  total	  renewable	  portion	  of	  22%.	  However,	  as	  discussed	  
previously,	  the	  likely	  decommissioning	  of	  Indian	  Point	  and	  the	  development	  of	  additional	  gas-­‐
fired	  plant	  will	  cause	  a	  dip	  in	  renewables	  before	  their	  steady	  rise	  will	  occur.	  The	  duration	  of	  
and	   the	  magnitude	  of	   the	   aforementioned	  decrease	  was	  not	   computed,	   although	   the	   grid	   is	  
15%	  fossil-­‐free	  as	  starting	  point,	  in	  2018.	  
On	   the	   other	   hand	   the	   COP	   can	   vary	   within	   boundaries,	   1.8	   and	   3.3.	   This	   would	   probably	  
better	   represent	   the	   seasonal	   performance	   of	   an	   air-­‐source	   heat	   pump.	   In	   fact,	   when	   the	  
outside	  temperatures	  are	  rather	  extreme,	  either	  very	  hot	  or	  very	  cold,	  the	  COP	  can	  degrade	  to	  
low	  values	  according	  to	  manufacturer	  specifications.	  [48]	  On	  the	  opposite,	  the	  COP	  can	  have	  
values	  around	  3	  when	   in	   case	  of	  mild	  weather.	  Nonetheless,	   the	  performance	   can	  vary	  also	  
based	  on	  other	  factors,	  such	  as	  maintenance.	  
Although	  the	  aforementioned	  factors	  are	  of	  great	  importance,	  the	  previous	  figure	  shows	  that	  
the	  percentage	  of	  renewable	  resources	  in	  the	  grid	  plays	  probably	  the	  biggest	  role	  to	  fossil	  fuel	  
reduction.	   In	   fact,	   because	   renewable	   energy	   generation	   is	   free	   of	   any	   fossil	   fuel	   and	  GHGs	  
emissions,	   these	   issues	   would	   be	   directly	   addressed	   at	   the	   source.	   This	   means	   that	   the	  
increase	   of	   clean	   sources	   of	   energy	   constitutes	   the	   main	   priority	   even	   if	   building	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8.5	  Scenario	  Analysis	  
	  
The	  energy	  market	  will	  develop	  according	   to	  natural	  gas	  price	  and	  renewable	  power	  plants	  
investments	   and	   public	   incentives.	   The	   CUNY	   BPL	  model	   was	   also	   considered	   as	   a	   tool	   to	  
perform	  an	  energy	  market	  scenario-­‐analysis.	  A	  first	  investigation	  aims	  to	  understand	  how	  the	  
non-­‐fossil	  fuel	  variable	  will	  be	  influenced	  according	  to	  three	  different	  renewable	  grid	  trends.	  
The	  slow	  clean	  grid	  scenario	  describes	  an	  energy	  market	  in	  which	  renewables	  do	  not	  become	  
as	  popular	  as	  required.	  In	  this	  scenario,	  the	  electric	  infrastructure	  will	  gradually	  go	  from	  the	  
current	  15%	  to	  26%	  carbon-­‐free	  portion,	  in	  30	  years,	  from	  2018	  to	  2048.	  Similarly,	  a	  medium	  
scenario	  having	  a	  37.5%	  clean	  grid	  by	  2048	  and	  a	  fast	  scenario	  with	  a	  52%	  clean	  grid	  by	  the	  
same	   year	   were	   included	   in	   the	   analysis.	   According	   to	   the	   energy	   market	   conditions	   and	  
dynamics,	   different	   fossil	   fuel	   reduction	   trends	  will	   be	  obtained.	  The	   following	   chart	   shows	  
the	  scenario	  outcomes,	  proportionally	  scaled	  to	  a	  100	  BTU	  on	  site	  output,	  and	  it	  includes	  the	  
2018	  baseline	  reference	  as	  well.	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Figure	  28:	  Fossil	  fuel	  reduction	  energy	  market	  scenario-­‐analysis	  
	  
The	   first	   scenarios	  do	  not	   include	   the	  building	  electrification	  effects	   to	   fossil	   fuel	   reduction,	  
rather	   only	   the	   grid	   input	   and	   output	   were	   estimated	   based	   on	   its	   possible	   near	   future	  
evolutions.	  	  
A	   further	   analysis	   should	   include	   also	   the	   contribution	   given	   by	   heat	   pumps	   adoption	  
throughout	   the	   state,	   which	   translates	   into	   considering	   different	   intensities	   of	   building	  
electrification	  taking	  over.	  The	  combined	  effect	  of	  high	  performance	  electrified	  buildings	  and	  
a	  "more	  carbon-­‐free"	  grid	  will	  dramatically	  increase	  the	  non-­‐fossil	  fuel	  variable.	  For	  instance,	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a	   fast	   building	   electrification	  development	   and	   a	   significant	   gradual	   electric	   grid	   renewable	  
sources'	  penetration	  will	   result	   into	  a	   remarkable	   fossil	   fuel	   reduction,	  at	   the	  source.	   In	   the	  
same	  way,	  a	  medium	  and	  a	  slow	  scenario	  were	  depicted,	  according	  to	  the	  data	  shown	  in	  the	  
technical	  appendix	  B.	  As	  a	  result,	  similarly	  to	  the	  previous	  graph,	  three	  possible	  scenarios	  are	  
depicted	  in	  the	  figure	  below.	  
	  
Figure	  29:	  Fossil	  fuel	  reduction	  energy	  market	  and	  building	  electrification	  scenario-­‐analysis	  
	  
As	  shown	  by	  the	  chart	  above,	  the	  interaction	  between	  grid	  and	  electrification	  can	  give	  great	  
benefits	  in	  terms	  of	  fossil	  fuel	  savings.	  Particularly	  in	  the	  case	  of	  fast	  development,	  generation	  
and	  transmission	  losses	  can	  be	  compensated	  by	  the	  high	  efficiency	  (COP)	  of	  building	  systems	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and	   the	   large	   renewables	   penetration.	  Moreover,	   the	   near	   future	   analysis	   over	   the	   next	   30	  
years	   can	   be	   potentially	   extended	   to	   longer	   terms,	   such	   as	   40	   and	   50	   years.	   Also,	   the	  
combination	  of	  building	  electrification	  and	  energy	  market	  evolutions	  can	  also	  be	  considered	  
with	  different	  trends,	  such	  as	  a	  slow	  renewable	  penetration	  and	  a	  fast	  heat	  pumps'	  adoption,	  
for	  instance.	  The	  tool	  is	  capable	  to	  be	  applied	  for	  several	  different	  scenarios	  and	  this	  chapter	  


























In	  order	  to	  fulfill	  New	  York	  City's	  commitment	  to	  reduce	  Greenhouse	  Gases	  (GHGs)	  emissions,	  
a	   significant	   reduction	   in	   fossil	   fuel	  utilization	  must	  be	  reached.	   	  This	  would	  require	  a	  deep	  
citywide	  conversion	  from	  fuel	  combustion	  systems	  to	  cleaner	  technologies,	  for	  the	  majority	  of	  
NYC	   buildings.	   Additionally,	   this	   challenging	   goal	   relies	   also	   on	   a	   substantial	   electric	   grid	  
renewables	   penetration,	   in	   accordance	   to	   the	   NYS	   energy	   plan.	   In	   this	   study,	   building	  
electrification	   is	   being	   considered	   as	   a	   possible	   solution	   in	   order	   to	   reduce	   emissions	   from	  
fossil	   fuels	   and	   maximize	   the	   efficiency	   of	   the	   energy	   utilization	   as	   well	   as	   improve	   the	  
comfort	  of	  the	  indoor	  environment.	  
This	   thesis	   aims	   to	   provide	   a	   better	   understanding	   of	   building	   electrification	   as	   one	   the	  
possible	  solutions	  to	  the	  fossil	  fuel	  issue	  and	  its	  related	  GHGs	  emission	  in	  the	  New	  York	  City	  
area.	   How	   building	   electrification	   will	   impact	   fossil	   fuel	   consumption	   represents	   the	  
hypothesis	  of	  this	  study.	  
In	   order	   to	   simulate	  most	   of	   NYC	   buildings,	   the	   CUNY	   BPL	  model	   was	   applied	   for	   various	  
abstract	  building	  systems	  that	  can	  replicate	  most	  the	  current	  as	  built	  conditions.	  However,	  it	  
is	  implicit	  that	  every	  building	  in	  NYC	  can	  be	  considered	  as	  unique	  and	  electrification	  shall	  be	  
evaluated	   on	   a	   case-­‐by-­‐case	   approach.	   Moreover,	   NYC	   by	   itself	   represents	   a	   one	   of	   a	   kind	  
urban	  environment	  which	  cannot	  be	  copied	  and	  pasted	  to	  many	  other	  U.S.	  locations.	  For	  these	  
reasons,	   the	   results	   and	   the	   considerations	   presented	   should	   be	   evaluated	   in	   this	   specific	  
context.	   Furthermore,	   in	   this	   project	   no	   economic	   evaluations	   were	   included,	   as	   no	   cost	  
related	  to	  fossil	  fuel	  saving	  and	  renewable	  energy	  penetration	  were	  considered.	  Furthermore,	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We	   focus	   on	   the	   impact	   to	   fossil	   fuel	   consumption	   in	   the	   NYC	   area.	   Heat	   pumps	  
implementation	  cost	  and	  buildings'	  adoption	  are	  also	  not	  part	  of	  the	  thesis	  objective.	  
	  
The	   results	   show	   that	   the	   conversion	   from	   traditional	   systems	  with	   electrified	   systems	   can	  
definitely	   provide	   significant	   energy	   savings	   and	   fossil	   fuel	   reduction.	   However,	   the	   short-­‐
term	  solution	  would	  be	  the	  hydronic	  conversion	  of	  steam	  system	  into	  better	  performing	  hot	  
water	  systems.	  Despite	  this	  approach	  would	  still	  require	   fossil	   fuel,	  remarkable	  benefits	  can	  
be	  achieved	  with	  minor	  building	  actions	  and	  reasonable	  economic	  efforts,	  with	  advantageous	  
payback	   period.	   This	   is	   valid	   as	   long	   as	   the	   electric	   production	  will	   not	   reach	   a	   significant	  
amount	  of	  clean	  share.	  	  
The	   long-­‐term	  goal	  however,	  would	  require	  major	  grid	  and	  buildings	   improvements.	   In	   this	  
regard,	   the	  electric	  grid	   issue	  should	  be	  prioritized	   in	  order	  to	  reduce	  GHG	  emissions	  at	   the	  
source.	   Otherwise,	   the	   outstanding	   electrified	   building	   systems	   performance	   would	   be	  
defeated	  by	   the	  dirty	  condition	  of	  NYS	  electric	   infrastructure.	   In	   fact,	  despite	  heat	  pumps,	   if	  
properly	  maintained,	   can	   offer	   great	   performance	   even	   in	   cold	   climate	   condition,	   the	   deep	  
conversion	  should	  still	  be	   justified	  by	  significant	   fossil	   fuel	   savings.	  This	  determines	  how	  to	  
prioritize	  the	  different	  variables	  in	  play.	  	  
Although	   the	   cost	   analysis	   of	   building	   electrification	   is	   beyond	   of	   this	   study's	   scope,	   at	   the	  
prices	   for	   electricity	   and	   natural	   gas	   are	   comparatively	   very	   different.	   In	   fact,	   the	   spark	  
spread,	  which	  represents	  the	  profitability	  of	  running	  a	  gas-­‐fired	  power	  plant,	  plays	  a	  crucial	  
role	   at	   the	   decision-­‐making	   level.	   For	   this	   reason,	   in	   the	   NYS	   scenario,	   positive	   fossil	   fuel	  
savings	   might	   still	   not	   translate	   into	   economic	   feasibility	   therefore	   not	   being	   attractive	   to	  
investors	  and	  stakeholders.	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However,	  moving	  to	  a	  cleaner	  energy	  production	  and	  a	  more	  sustainable	  energy	  utilization	  is	  
a	  crucial	  objective	  that	  regards	  NYC	  and	  the	  whole	  world	  in	  general.	  Strong	  efforts	  should	  be	  
made	   towards	   this	   goal	   although	   some	   issues	   are	   still	   challenging.	   This	   work	   presented	  
building	   electrification	   as	   a	   possible	   way	   of	   addressing	   some	   questions	   related	   to	   the	  
uncertain	  future	  of	  the	  energy	  sector.	  Building	  electrification's	  advantages	  and	  disadvantages	  
were	  also	  discussed	   in	   terms	  of	   its	   impact	  on	   fossil	   fuel.	  However,	  other	  solutions	  might	  be	  
considered	   and	   better	   fit	   specific	   situations,	   but	   they	   were	   not	   discussed	   in	   this	   work.	  
Moreover,	   a	   more	   comprehensive	   analysis	   should	   also	   include	   upfront	   installation	   and	  
operating	  cost	  of	  the	  conversion.	  Future	  studies	  shall	  also	  focus	  on	  economic	  implications	  of	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11	  Appendix	  
	  
11.1.	  Technical	  Appendix	  A:	  Synthetic	  Data	  
	  








166.7	   163.9	   161.3	   158.7	   156.3	   153.8	   151.5	   149.3	   147.1	   144.9	   142.9	   140.8	   138.9	   137.0	   135.1	   133.3	   17.5%	  
166.7	   163.9	   161.3	   158.7	   156.3	   153.8	   151.5	   149.3	   147.1	   144.9	   142.9	   140.8	   138.9	   137.0	   135.1	   133.3	   20.0%	  
166.7	   163.9	   161.3	   158.7	   156.3	   153.8	   151.5	   149.3	   147.1	   144.9	   142.9	   140.8	   138.9	   137.0	   135.1	   133.3	   22.5%	  
166.7	   163.9	   161.3	   158.7	   156.3	   153.8	   151.5	   149.3	   147.1	   144.9	   142.9	   140.8	   138.9	   137.0	   135.1	   133.3	   25.0%	  
166.7	   163.9	   161.3	   158.7	   156.3	   153.8	   151.5	   149.3	   147.1	   144.9	   142.9	   140.8	   138.9	   137.0	   135.1	   133.3	   27.5%	  
166.7	   163.9	   161.3	   158.7	   156.3	   153.8	   151.5	   149.3	   147.1	   144.9	   142.9	   140.8	   138.9	   137.0	   135.1	   133.3	   30.0%	  
166.7	   163.9	   161.3	   158.7	   156.3	   153.8	   151.5	   149.3	   147.1	   144.9	   142.9	   140.8	   138.9	   137.0	   135.1	   133.3	   32.5%	  
166.7	   163.9	   161.3	   158.7	   156.3	   153.8	   151.5	   149.3	   147.1	   144.9	   142.9	   140.8	   138.9	   137.0	   135.1	   133.3	   35.0%	  
166.7	   163.9	   161.3	   158.7	   156.3	   153.8	   151.5	   149.3	   147.1	   144.9	   142.9	   140.8	   138.9	   137.0	   135.1	   133.3	   37.5%	  
166.7	   163.9	   161.3	   158.7	   156.3	   153.8	   151.5	   149.3	   147.1	   144.9	   142.9	   140.8	   138.9	   137.0	   135.1	   133.3	   40.0%	  
166.7	   163.9	   161.3	   158.7	   156.3	   153.8	   151.5	   149.3	   147.1	   144.9	   142.9	   140.8	   138.9	   137.0	   135.1	   133.3	   42.5%	  
166.7	   163.9	   161.3	   158.7	   156.3	   153.8	   151.5	   149.3	   147.1	   144.9	   142.9	   140.8	   138.9	   137.0	   135.1	   133.3	   45.0%	  
166.7	   163.9	   161.3	   158.7	   156.3	   153.8	   151.5	   149.3	   147.1	   144.9	   142.9	   140.8	   138.9	   137.0	   135.1	   133.3	   47.5%	  
166.7	   163.9	   161.3	   158.7	   156.3	   153.8	   151.5	   149.3	   147.1	   144.9	   142.9	   140.8	   138.9	   137.0	   135.1	   133.3	   50.0%	  
166.7	   163.9	   161.3	   158.7	   156.3	   153.8	   151.5	   149.3	   147.1	   144.9	   142.9	   140.8	   138.9	   137.0	   135.1	   133.3	   52.5%	  
60%	   61%	   62%	   63%	   64%	   65%	   66%	   67%	   68%	   69%	   70%	   71%	   72%	   73%	   74%	   75%	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Hot	  Water	  Fossil	   Fuel	   Input	  Data:	   Fossil	   Fuel	   Input	  at	  varying	  hot	  water	   system	  efficiency	  and	  
grid	  renewable	  percentage	  	  
	  




133.3	   131.6	   129.9	   128.2	   126.6	   125.0	   123.5	   122.0	   120.5	   119.0	   117.6	   116.3	   114.9	   113.6	   112.4	   111.1	   17.5%	  
133.3	   131.6	   129.9	   128.2	   126.6	   125.0	   123.5	   122.0	   120.5	   119.0	   117.6	   116.3	   114.9	   113.6	   112.4	   111.1	   20.0%	  
133.3	   131.6	   129.9	   128.2	   126.6	   125.0	   123.5	   122.0	   120.5	   119.0	   117.6	   116.3	   114.9	   113.6	   112.4	   111.1	   22.5%	  
133.3	   131.6	   129.9	   128.2	   126.6	   125.0	   123.5	   122.0	   120.5	   119.0	   117.6	   116.3	   114.9	   113.6	   112.4	   111.1	   25.0%	  
133.3	   131.6	   129.9	   128.2	   126.6	   125.0	   123.5	   122.0	   120.5	   119.0	   117.6	   116.3	   114.9	   113.6	   112.4	   111.1	   27.5%	  
133.3	   131.6	   129.9	   128.2	   126.6	   125.0	   123.5	   122.0	   120.5	   119.0	   117.6	   116.3	   114.9	   113.6	   112.4	   111.1	   30.0%	  
133.3	   131.6	   129.9	   128.2	   126.6	   125.0	   123.5	   122.0	   120.5	   119.0	   117.6	   116.3	   114.9	   113.6	   112.4	   111.1	   32.5%	  
133.3	   131.6	   129.9	   128.2	   126.6	   125.0	   123.5	   122.0	   120.5	   119.0	   117.6	   116.3	   114.9	   113.6	   112.4	   111.1	   35.0%	  
133.3	   131.6	   129.9	   128.2	   126.6	   125.0	   123.5	   122.0	   120.5	   119.0	   117.6	   116.3	   114.9	   113.6	   112.4	   111.1	   37.5%	  
133.3	   131.6	   129.9	   128.2	   126.6	   125.0	   123.5	   122.0	   120.5	   119.0	   117.6	   116.3	   114.9	   113.6	   112.4	   111.1	   40.0%	  
133.3	   131.6	   129.9	   128.2	   126.6	   125.0	   123.5	   122.0	   120.5	   119.0	   117.6	   116.3	   114.9	   113.6	   112.4	   111.1	   42.5%	  
133.3	   131.6	   129.9	   128.2	   126.6	   125.0	   123.5	   122.0	   120.5	   119.0	   117.6	   116.3	   114.9	   113.6	   112.4	   111.1	   45.0%	  
133.3	   131.6	   129.9	   128.2	   126.6	   125.0	   123.5	   122.0	   120.5	   119.0	   117.6	   116.3	   114.9	   113.6	   112.4	   111.1	   47.5%	  
133.3	   131.6	   129.9	   128.2	   126.6	   125.0	   123.5	   122.0	   120.5	   119.0	   117.6	   116.3	   114.9	   113.6	   112.4	   111.1	   50.0%	  
133.3	   131.6	   129.9	   128.2	   126.6	   125.0	   123.5	   122.0	   120.5	   119.0	   117.6	   116.3	   114.9	   113.6	   112.4	   111.1	   52.5%	  
75%	   76%	   77%	   78%	   79%	   80%	   81%	   82%	   83%	   84%	   85%	   86%	   87%	   88%	   89%	   90%	   	  	   	  	  
Hot	  Water	  Efficiency	   	  	   	  	  
	  
	  
Heat	  Pump	  Fossil	  Fuel	   Input	  Data:	  Fossil	  Fuel	   Input	  at	  varying	  heat	  pump	  system	  COP	  and	  grid	  
renewable	  percentage	  
	  




152.8	   144.7	   137.5	   131.0	   125.0	   119.6	   114.6	   110.0	   105.8	   101.9	   98.2	   94.8	   91.7	   88.7	   85.9	   83.3	   17.5%	  
148.1	   140.4	   133.3	   127.0	   121.2	   115.9	   111.1	   106.7	   102.6	   98.8	   95.2	   92.0	   88.9	   86.0	   83.3	   80.8	   20.0%	  
143.5	   136.0	   129.2	   123.0	   117.4	   112.3	   107.6	   103.3	   99.4	   95.7	   92.3	   89.1	   86.1	   83.3	   80.7	   78.3	   22.5%	  
138.9	   131.6	   125.0	   119.0	   113.6	   108.7	   104.2	   100.0	   96.2	   92.6	   89.3	   86.2	   83.3	   80.6	   78.1	   75.8	   25.0%	  
134.3	   127.2	   120.8	   115.1	   109.8	   105.1	   100.7	   96.7	   92.9	   89.5	   86.3	   83.3	   80.6	   78.0	   75.5	   73.2	   27.5%	  
129.6	   122.8	   116.7	   111.1	   106.1	   101.4	   97.2	   93.3	   89.7	   86.4	   83.3	   80.5	   77.8	   75.3	   72.9	   70.7	   30.0%	  
125.0	   118.4	   112.5	   107.1	   102.3	   97.8	   93.8	   90.0	   86.5	   83.3	   80.4	   77.6	   75.0	   72.6	   70.3	   68.2	   32.5%	  
120.4	   114.0	   108.3	   103.2	   98.5	   94.2	   90.3	   86.7	   83.3	   80.2	   77.4	   74.7	   72.2	   69.9	   67.7	   65.7	   35.0%	  
115.7	   109.6	   104.2	   99.2	   94.7	   90.6	   86.8	   83.3	   80.1	   77.2	   74.4	   71.8	   69.4	   67.2	   65.1	   63.1	   37.5%	  
111.1	   105.3	   100.0	   95.2	   90.9	   87.0	   83.3	   80.0	   76.9	   74.1	   71.4	   69.0	   66.7	   64.5	   62.5	   60.6	   40.0%	  
106.5	   100.9	   95.8	   91.3	   87.1	   83.3	   79.9	   76.7	   73.7	   71.0	   68.5	   66.1	   63.9	   61.8	   59.9	   58.1	   42.5%	  
101.9	   96.5	   91.7	   87.3	   83.3	   79.7	   76.4	   73.3	   70.5	   67.9	   65.5	   63.2	   61.1	   59.1	   57.3	   55.6	   45.0%	  
97.2	   92.1	   87.5	   83.3	   79.5	   76.1	   72.9	   70.0	   67.3	   64.8	   62.5	   60.3	   58.3	   56.5	   54.7	   53.0	   47.5%	  
92.6	   87.7	   83.3	   79.4	   75.8	   72.5	   69.4	   66.7	   64.1	   61.7	   59.5	   57.5	   55.6	   53.8	   52.1	   50.5	   50.0%	  
88.0	   83.3	   79.2	   75.4	   72.0	   68.8	   66.0	   63.3	   60.9	   58.6	   56.5	   54.6	   52.8	   51.1	   49.5	   48.0	   52.5%	  
1.8	   1.9	   2.0	   2.1	   2.2	   2.3	   2.4	   2.5	   2.6	   2.7	   2.8	   2.9	   3.0	   3.1	   3.2	   3.3	   	  	   	  	  
Heat	  Pump	  COP	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Steam	  to	  How	  Water	  Conversion:	  Fossil	  Fuel	  Savings	  (in	  BTU	  per	  100	  BTU	  output)	  
	  




0.0	   1.8	   3.5	   5.1	   6.8	   8.3	   9.9	   11.4	   12.9	   14.3	   15.7	   17.1	   18.4	   19.7	   21.0	   22.2	   17.5%	  
0.0	   1.8	   3.5	   5.1	   6.8	   8.3	   9.9	   11.4	   12.9	   14.3	   15.7	   17.1	   18.4	   19.7	   21.0	   22.2	   20.0%	  
0.0	   1.8	   3.5	   5.1	   6.8	   8.3	   9.9	   11.4	   12.9	   14.3	   15.7	   17.1	   18.4	   19.7	   21.0	   22.2	   22.5%	  
0.0	   1.8	   3.5	   5.1	   6.8	   8.3	   9.9	   11.4	   12.9	   14.3	   15.7	   17.1	   18.4	   19.7	   21.0	   22.2	   25.0%	  
0.0	   1.8	   3.5	   5.1	   6.8	   8.3	   9.9	   11.4	   12.9	   14.3	   15.7	   17.1	   18.4	   19.7	   21.0	   22.2	   27.5%	  
0.0	   1.8	   3.5	   5.1	   6.8	   8.3	   9.9	   11.4	   12.9	   14.3	   15.7	   17.1	   18.4	   19.7	   21.0	   22.2	   30.0%	  
0.0	   1.8	   3.5	   5.1	   6.8	   8.3	   9.9	   11.4	   12.9	   14.3	   15.7	   17.1	   18.4	   19.7	   21.0	   22.2	   32.5%	  
0.0	   1.8	   3.5	   5.1	   6.8	   8.3	   9.9	   11.4	   12.9	   14.3	   15.7	   17.1	   18.4	   19.7	   21.0	   22.2	   35.0%	  
0.0	   1.8	   3.5	   5.1	   6.8	   8.3	   9.9	   11.4	   12.9	   14.3	   15.7	   17.1	   18.4	   19.7	   21.0	   22.2	   37.5%	  
0.0	   1.8	   3.5	   5.1	   6.8	   8.3	   9.9	   11.4	   12.9	   14.3	   15.7	   17.1	   18.4	   19.7	   21.0	   22.2	   40.0%	  
0.0	   1.8	   3.5	   5.1	   6.8	   8.3	   9.9	   11.4	   12.9	   14.3	   15.7	   17.1	   18.4	   19.7	   21.0	   22.2	   42.5%	  
0.0	   1.8	   3.5	   5.1	   6.8	   8.3	   9.9	   11.4	   12.9	   14.3	   15.7	   17.1	   18.4	   19.7	   21.0	   22.2	   45.0%	  
0.0	   1.8	   3.5	   5.1	   6.8	   8.3	   9.9	   11.4	   12.9	   14.3	   15.7	   17.1	   18.4	   19.7	   21.0	   22.2	   47.5%	  
0.0	   1.8	   3.5	   5.1	   6.8	   8.3	   9.9	   11.4	   12.9	   14.3	   15.7	   17.1	   18.4	   19.7	   21.0	   22.2	   50.0%	  
0.0	   1.8	   3.5	   5.1	   6.8	   8.3	   9.9	   11.4	   12.9	   14.3	   15.7	   17.1	   18.4	   19.7	   21.0	   22.2	   52.5%	  
75%	   76%	   77%	   78%	   79%	   80%	   81%	   82%	   83%	   84%	   85%	   86%	   87%	   88%	   89%	   90%	   	  	   	  	  
Hot	  Water	  Efficiency	   	  	   	  	  
	  
	  
How	  Water	  to	  Heat	  Pump	  Conversion:	  Fossil	  Fuel	  Savings	  (in	  BTU	  per	  100	  BTU	  output)	  
	  




-­‐41.7	   -­‐33.6	   -­‐26.4	   -­‐19.8	   -­‐13.9	   -­‐8.5	   -­‐3.5	   1.1	   5.3	   9.3	   12.9	   16.3	   19.4	   22.4	   25.2	   27.8	   17.5%	  
-­‐37.0	   -­‐29.2	   -­‐22.2	   -­‐15.9	   -­‐10.1	   -­‐4.8	   0.0	   4.4	   8.5	   12.3	   15.9	   19.2	   22.2	   25.1	   27.8	   30.3	   20.0%	  
-­‐32.4	   -­‐24.9	   -­‐18.1	   -­‐11.9	   -­‐6.3	   -­‐1.2	   3.5	   7.8	   11.8	   15.4	   18.8	   22.0	   25.0	   27.8	   30.4	   32.8	   22.5%	  
-­‐27.8	   -­‐20.5	   -­‐13.9	   -­‐7.9	   -­‐2.5	   2.4	   6.9	   11.1	   15.0	   18.5	   21.8	   24.9	   27.8	   30.5	   33.0	   35.4	   25.0%	  
-­‐23.1	   -­‐16.1	   -­‐9.7	   -­‐4.0	   1.3	   6.0	   10.4	   14.4	   18.2	   21.6	   24.8	   27.8	   30.6	   33.2	   35.6	   37.9	   27.5%	  
-­‐18.5	   -­‐11.7	   -­‐5.6	   0.0	   5.1	   9.7	   13.9	   17.8	   21.4	   24.7	   27.8	   30.7	   33.3	   35.8	   38.2	   40.4	   30.0%	  
-­‐13.9	   -­‐7.3	   -­‐1.4	   4.0	   8.8	   13.3	   17.4	   21.1	   24.6	   27.8	   30.8	   33.5	   36.1	   38.5	   40.8	   42.9	   32.5%	  
-­‐9.3	   -­‐2.9	   2.8	   7.9	   12.6	   16.9	   20.8	   24.4	   27.8	   30.9	   33.7	   36.4	   38.9	   41.2	   43.4	   45.5	   35.0%	  
-­‐4.6	   1.5	   6.9	   11.9	   16.4	   20.5	   24.3	   27.8	   31.0	   34.0	   36.7	   39.3	   41.7	   43.9	   46.0	   48.0	   37.5%	  
0.0	   5.8	   11.1	   15.9	   20.2	   24.2	   27.8	   31.1	   34.2	   37.0	   39.7	   42.1	   44.4	   46.6	   48.6	   50.5	   40.0%	  
4.6	   10.2	   15.3	   19.8	   24.0	   27.8	   31.3	   34.4	   37.4	   40.1	   42.7	   45.0	   47.2	   49.3	   51.2	   53.0	   42.5%	  
9.3	   14.6	   19.4	   23.8	   27.8	   31.4	   34.7	   37.8	   40.6	   43.2	   45.6	   47.9	   50.0	   52.0	   53.8	   55.6	   45.0%	  
13.9	   19.0	   23.6	   27.8	   31.6	   35.0	   38.2	   41.1	   43.8	   46.3	   48.6	   50.8	   52.8	   54.7	   56.4	   58.1	   47.5%	  
18.5	   23.4	   27.8	   31.7	   35.4	   38.6	   41.7	   44.4	   47.0	   49.4	   51.6	   53.6	   55.6	   57.3	   59.0	   60.6	   50.0%	  
23.1	   27.8	   31.9	   35.7	   39.1	   42.3	   45.1	   47.8	   50.2	   52.5	   54.6	   56.5	   58.3	   60.0	   61.6	   63.1	   52.5%	  
1.8	   1.9	   2.0	   2.1	   2.2	   2.3	   2.4	   2.5	   2.6	   2.7	   2.8	   2.9	   3.0	   3.1	   3.2	   3.3	   	  	   	  	  
Heat	  Pump	  COP	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Scenario	  Analysis	   Input	  Data,	  combined	  effect	  of	  Grid	  and	  Building	  Electrification	  scenarios	  on	  
fossil	  fuel	  input.	  
	  
The	   following	   table	   was	   obtained	   by	   using	   arbitrary	   values	   for	   grid	   and	   building	   electrification	  
scenarios.	   The	   CUNY	   BPL	   tool	   was	   used	   to	   compute	   fossil	   fuel	   reductions.	   The	   three	   different	  
renewable	   sources	   development	   scenarios	   are	   chosen	   as	   a	   percentage	   of	   the	   total	   electric	   grid	  
capacity.	  These	  are	   labeled	  as	  Grid	  Slow,	  Grid	  Medium	  and	  Grid	  Fast.	  For	   instance,	  starting	  from	  
year	  2018	  until	  year	  2048,	  the	  Grid	  Slow	  scenario	  describes	  a	  (slow)	  linear	  improvement	  of	  fossil-­‐
free	   generation,	   from	   15%	   to	   26%.	   The	   grid	   conversion	   is	   assumed	   to	   stay	   constant	   with	   time	  
(30%).	  	  
Similarly,	  three	  different	  building	  electrification	  (BE)	  scenarios	  are	  also	  considered,	  assuming	  that	  
electrification	   will	   be	   gradually	   adopted.	   These	   represent	   a	   linear	   improvement	   of	   the	   overall	  
building	  stock	  efficiency,	  such	  as	  a	  total	  abstract	  COP.	  In	  other	  words,	  these	  values	  represent	  the	  
combined	  average	  efficiency	  of	  the	  all	  buildings	  in	  NYC,	  changing	  with	  time.	  
Finally,	  the	  three	  potential	  fossil	  fuel	  reduction	  scenarios	  are	  obtained	  by	  applying	  the	  CUNY	  BPL	  
model	  and	  they	  are	  depicted	  on	  the	  right	  side.	  These	  values	  represent	  the	  BTU	  of	  source	  fossil	  fuel	  
input	  needed	  in	  order	  to	  provide	  100	  BTU	  output	  (Output	  Load),	  at	  the	  site.	  It	  can	  be	  seen	  that	  a	  
Fast	  Grid	  and	  a	  Fast	  Building	  Electrification	  scenario	  can	  return	  almost	  50%	  of	  fossil	  fuel	  savings.	  	  





















2018	   15%	   15%	   15%	   100	   30%	   1	   1	   1	   283.3333333	   283.3333333	   283.3333333	  
2020	   16%	   17%	   18%	   100	   30%	   1.03	   1.05	   1.08	   280.8333333	   278.3333333	   275	  
2022	   17%	   18%	   20%	   100	   30%	   1.06	   1.1	   1.16	   278.3333333	   273.3333333	   266.6666667	  
2024	   17%	   20%	   23%	   100	   30%	   1.09	   1.15	   1.24	   275.8333333	   268.3333333	   258.3333333	  
2026	   18%	   21%	   25%	   100	   30%	   1.12	   1.2	   1.32	   273.3333333	   263.3333333	   250	  
2028	   19%	   23%	   28%	   100	   30%	   1.15	   1.25	   1.4	   270.8333333	   258.3333333	   241.6666667	  
2030	   20%	   24%	   30%	   100	   30%	   1.18	   1.3	   1.48	   268.3333333	   253.3333333	   233.3333333	  
2032	   20%	   26%	   33%	   100	   30%	   1.21	   1.35	   1.56	   265.8333333	   248.3333333	   225	  
2034	   21%	   27%	   35%	   100	   30%	   1.24	   1.4	   1.64	   263.3333333	   243.3333333	   216.6666667	  
2036	   22%	   29%	   38%	   100	   30%	   1.27	   1.45	   1.72	   260.8333333	   238.3333333	   208.3333333	  
2038	   23%	   30%	   40%	   100	   30%	   1.3	   1.5	   1.8	   258.3333333	   233.3333333	   200	  
2040	   23%	   32%	   43%	   100	   30%	   1.33	   1.55	   1.88	   255.8333333	   228.3333333	   191.6666667	  
2042	   24%	   33%	   45%	   100	   30%	   1.36	   1.6	   1.96	   253.3333333	   223.3333333	   183.3333333	  
2044	   25%	   35%	   48%	   100	   30%	   1.39	   1.65	   2.04	   250.8333333	   218.3333333	   175	  
2046	   26%	   36%	   50%	   100	   30%	   1.42	   1.7	   2.12	   248.3333333	   213.3333333	   166.6666667	  
2048	   26%	   38%	   53%	   100	   30%	   1.45	   1.75	   2.2	   245.8333333	   208.3333333	   158.3333333	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11.2.	  Technical	  Appendix	  B	  
	  
Matlab	  Code	  used	  to	  generate	  data	  	  
	  




















% Output Load 
  




Zerovector=[0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0]'; 
  
%Grid Total Conversion Rate (Generation + Transmission) 
  
GridConversion=[0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 
0.3]'; 
  












%Add Renewable Energy % for Heat Pump's Input 
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    HPFossil(i,:)=HPInput.*(1-GridRenew(i,1)); 
     
    HWFossil(i,:)=HWInput; 
     
    SteamFossil(i,:)=SteamInput; 
     
    A(:,i)=Output; 
     
    Zeroplane(:,i)=Zerovector; 
     
    i=i+1; 












%% Savings Scenarios with fixed COPs and improving clean grid (2018=15% to 
2030=52.5%) 
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title('HW to HP Savings Scenarios: Fixed COPs')%Graph Title 
legend('COP 2.0','COP 2.5','COP 3.0','Location','northwest') 
  
ylabel('Savings in BTU per 100 BTU output') % x-axis label 
xlabel('Clean Grid %: Years 2018 to 2030') 
  
saveas(figure8,'HW to HP Savings Scenarios: Fixed COPs.jpeg'); 
  
%% Savings Scenarios with fixed Clean Grids (20,35,50) and improving COPs (COP: 
1.8 to 3.3) 
  






















title('HW to HP Savings Scenarios: Fixed Clean Grid %s')%Graph Title 
legend('20% Clean Grid','35% Clean Grid','50% Clean 
Grid','Location','northwest') 
  
ylabel('Savings in BTU per 100 BTU output') % y-axis label 
xlabel('Heat Pump COPs') 
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title('Input Fuel: Steam VS HW VS Heat Pump')%Graph Title 
legend('Heat Pump Input','HW Fuel Input','Steam Fuel Input','100% 
Input','Location','northeast','boxoff') 
  
xlabel('Efficiency') % x-axis label 
ylabel('Grid Renewable Portion') 
zlabel('Input Fuel %') 




x = linspace(0,15,16); 
xticks([x]) 
xticklabels({'1.8 COP/ 75% HW/ 60% 
Steam','','','','','','','','','','','','','','','3.3 COP/ 90% HW/ 75% Steam'}) 
  
saveas(figure1,'Input Fuel HW, Steam and Heat Pump.jpeg'); 
  














title('Input Fuel: HW VS Heat Pump')%Graph Title 
legend('Heat Pump Input','HW Fuel Input','100 BTU 
Threshold','Location','northeast','boxoff') 
  
xlabel('Efficiency') % x-axis label 
ylabel('Grid Renewable Portion') 
zlabel('Input Fuel in BTU') 




x = linspace(0,15,16); 
xticks([x]) 
xticklabels({'1.8 COP/ 75% HW','','','','','','','','','','','','','','','3.3 
COP/ 90% HW'}) 
  
saveas(figure2,'Input Fuel HW VS Heat Pump.jpeg'); 
  
%% Steam to HW comparison 
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title('Input Fuel: HW VS Steam')%Graph Title 
legend('Hot Water Input','Steam Fuel Input','100 BTU 
Input','Location','northeast','boxoff') 
  
xlabel('Efficiency') % x-axis label 
ylabel('Grid Renewable Portion') 
zlabel('Input Fuel in BTU') 




x = linspace(0,15,16); 
xticks([x]) 
xticklabels({'75% HW/ 60% Steam','','','','','','','','','','','','','','','90% 
HW/ 75% Steam'}) 
  
saveas(figure3,'Input Fuel HW VS Steam.jpeg'); 
  







title('Most Efficient Steam to Hot Water Savings')%Graph Title 
legend('Savings','Location','northeast','boxoff') 
  
xlabel('Efficiency') % x-axis label 
ylabel('Grid Renewable Portion') 
zlabel('Savings in Input Fuel') 




x = linspace(0,15,16); 
xticks([x]) 
xticklabels({'75% HW/ 75% Steam','','','','','','','','','','','','','','','90% 
HW/ 75% Steam'}) 
  
saveas(figure4,'Most efficient Steam to HW savings.jpeg'); 
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title('Most Efficient Hot Water to Heat Pumps Savings')%Graph Title 
legend('Savings','Zero Savings','Location','northeast','boxoff') 
  
xlabel('Efficiency') % x-axis label 
ylabel('Grid Renewable Portion') 
zlabel('BTU savings in Input Fuel') 




x = linspace(0,15,16); 
xticks([x]) 
xticklabels({'1.8 COP/ 90% HW','','','','','','','','','','','','','','','3.3 
COP/ 90% HW'}) 
  
saveas(figure5,'Most Efficient HW to HP savings.jpeg'); 
 







title('Most Efficient Steam to Hot Water Savings in %')%Graph Title 
legend('% Savings','Location','northeast','boxoff') 
  
xlabel('Efficiency') % x-axis label 
ylabel('Grid Renewable Portion') 
zlabel('Savings in Input Fuel') 




x = linspace(0,15,16); 
xticks([x]) 
xticklabels({'75% HW/ 75% Steam','','','','','','','','','','','','','','','90% 
HW/ 75% Steam'}) 
  
saveas(figure6,'Most efficient Steam to HW savings %.jpeg'); 
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title('Most Efficient Hot Water to Heat Pumps Savings in %')%Graph Title 
legend('% Savings','Zero Plane','Location','northeast','boxoff') 
  
xlabel('Efficiency') % x-axis label 
ylabel('Grid Renewable Portion') 
zlabel('Savings in Input Fuel') 




x = linspace(0,15,16); 
xticks([x]) 
xticklabels({'1.8 COP/ 90% HW','','','','','','','','','','','','','','','3.3 
COP/ 90% HW'}) 
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Matlab	  Code	  used	  to	  generate	  scenario	  analysis	  
	  




















% Output Load 
  




Zerovector=[0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0]'; 
  
%Grid Total Conversion Rate (Generation + Transmission) 
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title('Scenario Analysis, fossil fuel reduction')%Graph Title 
legend('Slow Clean Grid','Medium Clean Grid','Fast Clean Grid','2018 
Baseline','Location','southwest') 
  
ylabel('BTU of source fossil fuel used per 100 BTU site output') % x-axis label 
xlabel('Year') 
  





































title('Scenario Analysis, fossil fuel reduction with combined Building 
Electrification and Clean Grid')%Graph Title 
	   86	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
legend('Slow Building Electrification and Clean Grid','Medium Building 
Electrification and Clean Grid','Fast Building Electrification and Clean 
Grid','2018 Baseline','Location','southwest') 
  
ylabel('BTU of source fossil fuel used per 100 BTU site output') % x-axis label 
xlabel('Year') 
  
saveas(figure2,'Scenario Analysis with HP effect FF reduction renewable 
grid.jpeg'); 
	  
	  
	  
	  
